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DETERMINATION OF NICOTINIC ACID IN BIOLOGICAL 
MATERIALS BY MEANS OF PHOTOELECTRIC 
COLORIMETRY* 

Br DANIEL MELNICKf akd HENRY FIELD, Jr. 

(From ihc Department of Internal Medicine, Medical School, University of 
Michigan, Ann Arbor) 

(Received for publication, February 12, 1940) 

The pyridine nucleus reaets with cyanogen bromide and an 
aromatic amine to give a yellow compound which can be esti- 
mated Colorimetrically. This reaction has been made the basis 
for the chemical determination of nicotinic acid (1-9). In the 
present study the same reaction has been used for the analysis of 
biological materials but the errors, due to inadequate extraction 
or to adsorption, are avoided by direct acid hydrolysis of the test 
substance, followed by preferential charcoal adsorption for the 
decolorization of the hydrolysate. For the measurement of the 
final yellow color resulting from the reaction between nicotinic 
acid and reagents, a photoelectric colorimeter* is used, and in 
the application of the test to biological materials a new proce- 
dure is described for making the blank corrections and for evalu- 
ating the effects of interfering substances which modify the sensi- 
tmty of the reaction. 

Nicotinamide^ rather than nicotinic acid was used in the re- 

* The expenses of this investigation vrere defrayed by grants from The 
Upiohn Company, Kalamazoo, and from the Horace H. Rackham School 
of Graduate Studies, University of Michigan. 

t Upjohn Fellow in Clinical Research, 1937-40. 

'.Obtained from the Rubicon Company, Philadelphia, Pennsylvania. 
The design and principle of operation of this instrument are described by 
Evelyn (10). For a more complete description, including the significance 
of the terms used in the present study, the reader is referred to “Evelyn 
photoelectric colorimeter. Notes on operation’’ (1939), Rubicon Company, 
Philadelphia. 

’ The crystalline nicotinamide was kindly furnished bj' General Bio- 
chemicals, Inc., Cleveland, Ohio. The compound melted at 126°. A 
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covery experiments. The amide reacts also with the reagents 
to give the same yellow color but of an intensity corresponding to 
only one-half of that obtained with an equivalent amount of the 
acid. Under the conditions of our test the amide is completely 
hydrolyzed to give the theoretical amount of free acid. This 
quantitative conversion of amide to acid in tests with the com- 
pound added to biological materials is adequate proof that any 
nicotinamide-containing coenzymes present are also hydrolyzed 
to yield free nicotinic acid. Von Euler and associates (3) have 
shown that the union of the pyridine ring to carbohydrate in 
codehydrogenase I and II is much more labile to acid hydrolysis 
than the acid amide group. The present method for the determi- 
nation of nicotinic acid has been used in the analyses of yeast, 
liver, rice polish, and wheat germ preparations and of urine, 
milk, saliva, plasma, and whole blood. 

EXPERIMENTAL 

Reagents for Chemical Reaction — 

Cyanogen bromide. Water saturated with bromine at 5-10° 
is just decolorized in the cold by the addition of a 10 per cent 
KCN solution. From 70 to 75 cc. of the KCN solution are used 
in the titration of 500 cc. of the bromine water. 

Absolute ethyl alcohol. This reagent is generally free from 
pyridine compounds. 

Aniline solution. Redistilled aniline is dissolved in absolute 
ethyl alcohol to make a 4.0 per cent solution. 

Standard nicotinic acid^ solution. This contains 100 micro- 
grams per cc. of absolute ethyl alcohol. 

Results Obtained in Tests with Pure Solutions of Nicotinic Acid — 
The procedure used in carrying out the reaction is that reported 
by Shaw and MacDonald (2). To the nicotinic acid in 3 cc. of 
solution (2 parts of water to 1 part of ethyl alcohol) 6 cc. of the 
cyanogen bromide reagent are added from a burette. This is 


stock solution was made by dissolving 496 mg. of nicotinamide in 500 cc. 
of absolute ethyl alcohol. This solution is equivalent on the basis of 
comparative molecular weights of the solutes to one containing 1 mg. of 
nicotinic acid per cc. 

• Obtained from Eastman Kodak Company, Rochester, New York. 
After recrystallization from hot water, the compound melted at 231°. 
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followed imniediatel}' with the addition of 1 cc. of the aniline 
solution. The solutions are stirred after the addition of each 
reagent. The ma>dnial yellow color* is then read in the Evelyn 
photoelectric colorimeter, with Filter 420. 

With quantities of nicotinic acid ranging from 3 to 50 micro- 
grams the ratio of photometric density (L value) to the eoncen- 
tration of the test substance was constant to within ±1 per cent. 
There was a significant positive de-vdation from the constant K 
value when smaller amounts of nicotinic acid were tested, but 
because of the e.\cellent reproducibility of the results accurate 
values may still be obtained in the very low range by applying 
an approjiriate correction factor. 

Specijicily of Reaction for Nicotinic Acid — ^This subject has been 
more extensively investigated by others (1-6, 9). Their studies 
indicate that the reaction is specific not for nicotinic acid alone 
but for the pyridine ring, pro^nded the nitrogen is trivalent. 
However, the reaction appears to be even more specific than this 
inasmuch as vitamin Be, which also contains the pyridine ring 
with trivalent nitrogen (11), fails to give a positive color test.’ 

Reproducibility and Stability of Reagents — In order to study 
this problem adequately more than 100 tests with twenty-five 
different cyanogen bromide reagents and six different aniline solu- 
tions were carried out. Representative data are presented in 
Table I. The K values obtained with the cyanogen bromide 
reagents were not constant but varied from 0.215 to 0.259. How- 
ever, with each of the particular reagents used the K value was 
constant in tests conducted with varying quantities of nicotinic 
acid. This finding indicates that no previously determined 
reference cunm can be used for this determination but that along 
with each series of tests a K value should also be obtained. We 
have preferred in analyses of biological materials to determine 
for each test solution its own particular K value. To an aliquot 
of the test solution 10 micrograms of nicotinic acid are added and 
the difference in photometric density yields the proper K value 
to be \ised in the calculations. This is necessary since other 

’ This color reaches a maximum in from 3 to 5 minutes and remains 
constant for at least the next 5 minutes. 

‘ The crystalline vitamin Be was kindly furnished by Merck and Com- 
pany, Inc., Rahway, New Jersey. 
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substances in solution may either inhibit the reaction {e.g., excess 
of free acid or free alkali) or make it more sensitive {e.g., sodium 
chloride). 

Examination of Table I also reveals that the reagents, when 
properly stored, are suitable for use for a period of at least 5 

Table I 


Reproducibility and Stability of Reagents Used in Chemical 
Determination of Nicotinic Acid 


Reagents 

Age of reagents 

Storage 
tempera- 
ture of 
CNBr* 

Blank 
center set- 
ting, gal- 
vanometer 
reading , 

Nicotinic 
acid tested 

K valuot 

CNBr 

CsHsNHt 

CNBr 

C«HjNHs 



days 

days 

°C. 


y 


I 

I 

0 

0 

5 i 

81> ' 1 

5 

0.262 


1 


i 

1 




0.256 




1 




0.258 


II 

0 

75 1 

5 

82> 

■■ 

0.258 


III 

0 

171 

5 

136^^1 

10 

0.258 

II 

III 

0 

0 

5 

80= 

5 

0.213 







10 

0.216 



1 




20 

0.215 


III 

31 

31 

5 

78= 

10 

0.218 


II 

150 

55 

5 

78» 

10 

0.206 


III 

31 

31 

25-30 

79= 

5 

0.178 







10 

0.179 






1 

20 

0.175 


II 

150 

55 

25-30 

781 

10 

0.072 


* The aniline solutions were stored at room temperature throughout, 
t This value corresponds to the photometric density obtained in each 
test when expressed in terms of 10 micrograms of nicotinic acid. 

t When the galvanometer in this case was adjusted to 100 with the blank 
tube, the center setting was not on the galvanometer scale. The recorded 
value was obtained b 3 ' adjusting the galvanometer to 50 with the blank tube 
and multiplying the resulting center setting by 2. 

months. This is in contrast to all methods previously published, 
which advocate the use of freshly prepared reagents. The aniline 
solutions were stored at room temperature in glass-stoppered, 
browTi glass bottles. The center settings obtained with these 
solutions and the freshly prepared cyanogen bromide reagent 
indicate that there is a marked increase in the color of the former 
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with increasing age. However, this cliange in the aniline reagent 
merely alters the center setting without affecting the accuracy 
of the results. The cyanogen bromide is stored also in a glass- 
stoppered bottle but in the refrigerator at about 5°. WTien kept 
at room temperature the reagent gradually deteriorates with a 
concomitant decrease in the experimentally determined K ^•alues. 

Despite the fact that nicotinic acid is relatively a verj' stable 
compound, we have repeatedly observed a rather rapid decrease 
in its concentration when dilute aqueous solutions (10 micrograms 
per cc.) are allowed to stand at room temperature. Because the 
factor responsible for this is bacterial contamination, all standard 
nicotinic acid solutions are made up in absolute alcohol. 

Use of Preferential Charcoal Adsorption for Decolorization of 
Nicotinic Acid Solutions — Anal 5 ’'ses of biological materials for 
nicotinic acid have been complicated b 3 ’- the presence in test 
solutions of pigments which mask the color produced by the 
reaction and because of their intensitj' make impossible colori- 
metric measurements. Charcoal adsorbs nicotinic acid quan- 
titatively from pure aqueous solutions and to an appreciable 
extent from biological solutions. For this reason charcoal ad- 
sorption has been abandoned and other procedures, though much 
more tedious, adopted for the preparation of colorless solutions 
(1-9). However, by making use of preferential charcoal adsorp- 
tion we have been successful in the decolorization of solutions 
with no concomitant loss of nicotinic acid. 

The validity of this new procedure is indicated bj’ tests with 
pure solutions of nicotinic acid of known concentration, "i'ariable 
amounts of charcoal® were added to aqueous, strongty acidic, 
alcoholic, and strongty acidic alcoholic solutions of nicotinic acid. 
The mixtures were shaken and filtered’’ at room temperature. 
The filtrates were adjusted® in the cold to pH 7 and tests conducted 

‘ Darco, a vegetable charcoal, obtained from The Coleman and Bell 
Company, Inc., Norwood, Ohio. 

’ Whitall Tatum filter paper, manufactured by the Armstrong Cork 
Company, Lancaster, Pennsylvania, was used. 

^ * Concentrated NaOH (18 n) was used to neutralize the acid filtrates 
with phenolphthalein as an inside indicator. For the final adjustment 1 x 
NaOH was added with litmus paper as an outside indicator. The phenol- 
pbtbalein does not influence the reaction and at the pH of the test is 
in its colorless form. 
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Avith 3 cc, samples, containing 2 parts of water to 1 part of alcohol 
and equivalent to one-tenth of the original solutions. The 
results, presented in Table II, indicate that quantities of charcoal 
up to 200 mg. may be added to 25 cc. of the acidic alcoholic 
solution with no loss of nicotinic acid. Losses from simple acidic 
or alcoholic solutions are large but the coupling of the two mediums 


Table II 

Influence of Solvent upon Adsorption of Nicotinic Acid by Charcoal 


Solvent for nicotinic acid* 

Chnrcoalt added 

Nicotinic acid adsorbed 


tng. 

percent 

16 cc. HiO 

100 

100 


200 

100 

1 

300 

100 


600 

100 

16 “ 4nHC1 

100 

85 


200 

92 


300 

92 


500 

95 

16 “ H,0 + 10 cc. CjHjOH 

100 

67 


200 

84 


300 

88 


500 

93 

16 " 4nHC1 + 10cc. CsHsOH 

100 

3 


200 

0 


300 

17 


500 

30 


* In each case 100 micrograms of nicotinic acid were added; for the 
colorimetric tests 10 per cent aliquots were used. 

t Darco, a vegetable charcoal, obtained from The Coleman and Bell 
Company, Norwood, Ohio. 

is followed by a synergistic action in the prevention of charcoal 
adsorption of nicotinic acid. 

Proccdxire for Evaluating Residual Color in Test Solution and for 
Converting Photometric Density into Absolute Units of Nicotinic Acid 
— For the decolorization of biological solutions the technique of 
preferential charcoal adsorption is used. No attempt is made to 
obtain complete decolorization of the alcoholic hydroL'^sates 
inasmuch as correction can easily be made for the amount of 
residual color. The procedure described by Bandier (5) for 
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making this correction involves tbe addition of all reagents except 
the base to an aliquot of the test solution. However, since 
cyanogen bromide reacts to an appreciable extent with nicotmic 
acid despite the absence of the base to give the same color, false 
results are obtained. We have found in tests mth pure solutions 
of nicotinic acid ranging from 3 to 50 micrograms that the yellow 
color developed -without the aniline is equivalent to from 33 to 
20 per cent respectively of that obtained when the base is added. 
It is therefore necessarj’- to carrj' out an independent blank deter- 
mination for the residual color subsequent to decolorization in 
addition to that obtained with the reagents. 

The procedure used for making these two independent blank 
corrections and its validity are presented in Table HI. The 
tests were conducted on 3 cc. aliquots of three 30 cc. nicotinic 
acid solutions, containing in each case 100 micrograms of the acid 
in 2 parts of water to 1 part of ethyl alcohol. The solutions were 
colored to varying degrees bj’- thymol blue indicator. The 
initial photometric densities were calculated from the galvanom- 
eter readings of the samples diluted -with a buffer solution’ to 
simulate test conditions. The same Filter 420 was used but the 
center setting was that obtained -with a blank tube containing 
only the pure solvents. Subsequent to the chemical reactions the 
maximal photometric densities were measured, the center setting 
obtained with the blank on the reagents being used. By sub- 
tracting from the total photometric density that corresponding 
to the color initially present in the test solution prior to the addi- 
tion of the reagents, the photometric density resulting from the 
chemical reaction alone was obtained. For the conversion of this 
value into micrograms of nicotinic acid use was made of the K 
value corresponding to the increase in photometric density when 
10 micrograms of nicotinic acid in 0.1 cc. of absolute ethyl alcohol 
were added to another 3 cc. aliquot of the test solution. The 

’ This solution is composed of 1960 cc. of -water, 10 cc. of HjPOi (85 per 
cent), 30 cc. of 15 per cent NaOH, and 333 cc. of absolute ethyl alcohol. 
With phenolphthalein as the indicator, 7 cc. of the solution have a ti- 
tratable acidity equivalent to 10 cc. of 0.05 n NaOH; its pH is 2.4. These 
values correspond to the titratable acidity and pH of the pooled reagents, 
6 cc. of CNBr + 1 cc. of CjHsNHj, estimated at from 5 to 10 minutes after 
being mixed at room temperature. 
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validity of these procedures is indicated by the theoretical values 
obtained with all three nicotinic acid solutions (Table III). 

Determination of Nicotinic Acid in Biological Materials — The 
test material, containing from 10 to 400 micrograms of nicotinic 
acid, is added to a test-tube graduated at the 10 and 15 cc. marks. 
5 cc. of concentrated hydrochloric acid (specific gravity of about 
1.18) are added and this is followed by distilled water until the total 
volume measures 15 cc. The acidity is approximately 4 n. The 
test-tube is immersed in a boiling water bath and the hydrolysis 
allowed to proceed for a period of from 30 to 40 minutes with 
occasional stirring. The sample is cooled to room temperature 
and the volume restored to the original 15 cc. 10 cc, of absolute 
ethyl alcohol are added and the solution (or suspension) trans- 
ferred to a 150 cc. Erlenmeyer flask. Exactly 200 mg. of char- 
coal® are added, and the mixture shaken and filtered'^ at room 
temperature. An aliquot of the filtrate, 8.33 cc., is pipetted into 
the graduated test-tube, 1 drop of phenolphthalein added, and 
the solution neutralized® in the cold to pH 7. The final volume 
is brought to the 10 cc. mark, 

3 cc. aliquots of the test solution, already containing alcohol in 
the proper ratio of 1 part to 2 parts of water and equivalent to 
one-tenth of the original sample, are used for the tests. To the 
first sample 7 cc. of an alcoholic buffer solution® are added. The 
photometric density of the color remaining after the charcoal 
decolorization is then estimated according to the procedure 
described in the preceding section of this paper. A second 3 cc. 
aliquot of the test solution is used for the chemical reaction and 
the maximal total photometric density measured. By difference 
that resulting from the chemical reaction alone is obtained. This 
value is converted into micrograms of nicotinic acid by use of the 
K value obtained when 10 micrograms of the acid are added to a 
third 3 cc. aliquot of the test solution. The validity of these 
procedures with examples to illustrate the method of calculation 
has been presented in Table III. 

Representative data obtained in the course of numerous analyses 
of food sources, rich in the vitamin B complex, and of other 
materials of biologieal interest are given in Table IV. The theo- 
retical recoveries of added nicotinamide as nicotinic acid from the 
hydrolysates support the validity of the procedures used. 
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In Table IV there is included a column to show what may be 
considered optimal amounts of the test materials to be used for 
the analysis. Test solutions, such as saliva and urine, are first 
concentrated over a steam bath and then brought to volume with 
the concentrated hydrochloric acid and wash water.’” In analj'ses 
of material, such as milk, plasma, and blood, the concentrated 
acid is first pipetted into the graduated test-tube. 5 drops of 
caprj'lic alcohol are added in order to reduce subsequent foaming. 
While the acid is bemg stirred mechanically, the sample is slowlj' 
added. The mixture, adth the same stirring rod, is then immersed 
in the boiling water bath. During the first 15 minutes of the 
hydrolysis the samples are not disturbed. By that time thej' 
become sufficiently liquid for adequate stirring. 

Alkaline hydrolj'sis (NaOH) of the test material has been 
employed bj"^ Bandier (4, 5) with good recoveries of added nic- 
otinanude. Such a procedure yields a lighter colored solution 
than acid hydrolysis. Our own experience \vith alkaline hydroly- 
sis (2.5 to 9 n), especially of urine, has also shown that added 
nicotinamide is completely coverted to the free acid. However, 
the yield of “nicotinic acid” from urine samples subjected to such 
alkaline hj^drolysis is far in excess of that obtained by hydrolj'sis 
with hj'drochloric acid of equivalent normality and increases 
progressively with increasing concentration of the alkali used. 
The acid hj’-drolysis yields constant values despite varjdng con- 
centrations of the hydrochloric acid used. In all of these cases 
theoretical recoveries of added nicotinamide are obtained. Fur- 
thermore, a normal intake of some materials, devoid of anti- 
pellagra actimty, has been found to augment up to 700 per cent 
the jdeld of the substances in urine reacting like nicotinic acid 
when alkaline hydrolysis (9 n) is employed. Inasmuch as the 
intake of these substances doas not appreciably increase the yield 
of nicotinic acid obtained by acid hj’^drolysis, we have preferred 
to use acid rather than alkali for the hydrolysis of the test mate- 


The usual 30 to 40 minute acid hydrolysis is satisfactory for the 
conversion of all nicotinamide in normal urine to the free acid. Prolonged 
hj drolysis (5 hours duration) does not increase the yield of nicotinic acid. 
However, a 5 hour hydrolysis is essential when urine is collected from 
subjects receiving test doses of extra nicotinic acid. Only under these 
conditions will the voided nicotinuric acid be completely-hydrolyzed. 
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of nicotinio acid in saliva has boon corrcctod for this lo.st fraction. 

^ One 200 mg. charcoal addition is employed for the dccolorization of each of the test solution.s. Samples A to K. In 
Samples L and M an additional treatment with 100 mg. of charcoal is carried out to obtain satisfactory dccolorixalion. 

** For the dooolorir.ation of tho alcoholic bydrolysato of whole blood tlirco charcoal additions of 300 mg. aro employed. 
40 mg. of potassium oxalate powder are used as tho anticoagulant for 10 cc. of blood. 
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rials. A more detailed and extended report of these findings will 
be the subject of a subsequent paper. 

In the fifth column of Table IV, the amount of color remainbg 
in an aliquot of each of the test samples subsequent to charcoal 
decolorization and neutralization is indicated. The specimens 
from Samples A to K contained very little color. In the case of 
Samples L to N the decolorization was not satisfactorj'- -when the 
usual single addition of 200 mg. of charcoal was used. Additional 
charcoal treatments were essential. In the analysis of materials 
such as milk and plasma the initial charcoal adsorbate is removed 
by centrifugation and an additional 100 mg. quantity of charcoal 
added to the decanted solution. The mixture is then filtered. 
With whole blood three additions of 300 mg. of charcoal are 
employed to decolorize the alcoholic hydrolysates. Because 
substances in biological solutions inhibit adsorption of nicotinic 
acid, amounts of charcoal can be used for the decolorization of 
such solutions in excess of the maximum found in tests with pure 
acidic alcoholic solutions of nicotinic acid (see Table 11). The 
excellent recoveries of the nicotinamide added to Samples L to N 
support the validity of this new procedure of stepwise preferential 
charcoal adsorption for the decolorization of solutions with no 
loss of nicotinic acid. 

In Table IV comparison is made between the K values obtained 
in tests with 10 micrograms of nicotinic acid in pure solutions and 
those calculated by difference when the 10 microgram quantities 
of nicotinic acid were added to aliquots of the test solutions. The 
discrepancies between these two series of K values are real and 
do not represent errors in the analyses. The variations in these 
values among the different test solutions are due to the presence 
of other substances in var 3 dng concentration in these solutions 
which tend to modify the sensitivity of the reaction. Ho\vcvcr, 
in an}" given case the K value is constant over the range of nicotinic 
acid concentration determined by the present method. This was 
indicated bj" additional tests with graded amounts of nicotinic 
acid (from 1 to 50 micrograms) added to the same test solution. 

Von Euler and associates (3) have pointed out that the color 
produced bj" the reaction of the reagents with nicotinamide is 
fully 4 times as great as that obtained w"ith the ^dilij^drop^uidine 
remaining after acid hydrolysis of the reduced codehydrogenascs. 
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They state that these compounds are completely oxidized by 
atmospheric oxygen during simple aqueous extraction and that 
solutions of the reduced codehydrogenases are obtained only by 
alkaline extraction. The yield of nicotinic acid from the test 
materials of this study -was not increased by preliminary aeration" 
in the presence of hydrogen peroxide at pH 7 and at 37° for 30 
minutes. 


SUiniAHY 

Nicotinic acid reacts with cyanogen bromide to give a yellow 
color, the intensity of which is increased 3- to 5-fold by the addition 
of aidline. The ratio of maximal photometric density, measured 
by the Evelyn photoelectric colorimeter, to the quantity of the 
acid (from 3 to 50 micrograms) is a constant. With application 
of the proper correction factor as little as 1 microgram of nicotinic 
acid may be determined. The reagents, when properly stored, 
are suitable for use for a period of at least 5 months. The chemical 
reaction has been used in the analyses of j-east, liver, rice polish, 
and wheat germ preparations and of urine, milk, saliva, plasma, 
and whole blood. The test material is subjected to direct acid 
hydrolysis, followed by preferential charcoal adsorption for the 
decolorization of the solution with no concomitant loss of nicotinic 
acid. A new procedure is described for the estimation of the 
photometric density due solely to the reaction between nicotinic 
acid and reagents and for the conversion of this value into absolute 
vmits of the acid. The necessity for using acid in preference to 
alkaline hydrolysis is indicated. Oxidation prior to hydrolysis 
does not appear to be essential. 

Addendum— While this paper was in press, the report by Harris and 
Ra}Tnond (13) appeared, advocating the addition of aniline to the blank 
test. The base was found to react directly with substances in the hydroly- 
sates to give colors indistinguishable from that obtained in tests for nico- 
tinicacid. We had also found this tobe true. However, our more extensive 
studies indicated conclusively that in the presence of cyanogen bromide 

“ In the case of the whole blood samples complete hemolysis was ef- 
fected in one series by simple dilution with water, in the other by the 
addition of saponin. The reason for this preliminary treatment is the fact 
that the nicotinamide-containing coenzymes of the blood are entirely in 
the cells (12). 
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these interfering side reactions do not occur. The details of these studies 
are now in press. According!}’, we omitted aniline from the blank test 
and used the procedure described in this paper for evaluating residu.al color 
in the hydrolysate. 


BIBLIOGRAPHY 

1. Swaminathan, M., Indian J. Med. Research, 26, 427 (193S). 

2. Shaw, G. E., and MacDonald, C. A., Quart. J. Phann. and Pharmacol. , 

11, 380 (1938). 

3. von Euler, H., Schlenk, F., Heiwinkel, H., and Hogberg, B., Z. physiol. 

Ghem., 256, 208 (1938). 

4. Bandier, E., and Hald, J., Biochem. J., 33, 264 (1939). 

5. Bandier, E., Biochem. J., 33, 1130, 1787 (1939). 

6. Askelof, E., and Holmberg, C., Svensk Farm. Tidskr., 43, 301, 321 

(1939); Ghem. AbsL, 33, 8229 (1939). 

7. Pearson, P. B., J. Biol. Ghem., 129, 491 (1939). 

8. Ritsert, K., Klin. Woch., 18, 934 (1939). 

9. Kringstad, H., and Naess, T., Z. physiol. Ghem., 260, 108 (1939). 

10. Evelyn, K. A., J. Biol. Ghem., 116, 63 (1936). 

11. Stiller, E. T., Keresztesy, J. C., and Stevens, J. R., J . Am. Ghem. Soc., 

61, 1237 (1939). 

12. Kohn, H. I., and Bernheim, F., J. Glin. Inv., 18, 585 (1939). 

13. Harris, L. J., and Raymond, W. D., Biochem. J., 33, 2037 (1939). 
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Data on the iron content of tissues and organs in varying meta- 
bolic states are scanty. Whipple and his associates (1, 2) have 
reported the analj'sis of the tissues of \'it'iperfused dop. No 
si^ar data are available on the rat. Wakeham and Halenz (3) 
have published values of the iron contents of tissues of normal and 
anemic rats, washed to free them of blood. This procedure is 
probably not so effective as \dviperfusion in freeing the tissues of 
blood. Because of the high iron content of blood, Whipple and 
coworkers have emphasized the importance of freeing the tissues 
of their contained blood by vi'viperfusion in order to obtain 
reliable estimates of their cellular iron content. 

To perfuse the rat is quite difficult because of the small blood 
vessels of this mammal. In spite of this difficulty, a successful 
operation has been developed by the authors for the viviperfusion 
of the rat by introduction of a cannula in the external jugular 
vein. With proper care, the operation yields an adequate perfu- 
sion. 

The viviperfusion technique was developed in order to pursue 
a study of the metabolism of iron, with the radioactive isotope 
Fe” as a tracer. Because of the paucity of published data, a 
series of analyses was carried out on the iron content of the tissues 
of normal, anemic, and iron-enriched rats freed from blood by 
viviperfusion. 
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Vivi'per fusion Technique 

The aim of the operation is to free the organs and tissues of blood 
by perfusing the vascular system with a modified Locke’s solu- 
tion, respiration and circulation being maintained until the blood 
is completely displaced. The modified Locke’s solution was 



Fio. 1, Diagram of rat showing injection of heparin and insertion of 
cannula for viviperfusion. 

composed of NaCl 0.92 per cent, KCl 0.042, CaCL 0.024, NaHCOs 
0.015, and glucose 0.1. 

To carry out the operation, the rat is anesthetized ■with nembutal 
(dosage 4 mg. per 100 gm. of body weight by intraperitoneal in- 
jection) and is tied dorni on the operating board, as showm in 
Fig. 1. The skin and connective tissue are cut on a mid-line over 
the larynx, and the salivary glands are separated from each other. 



19 


Austoni, Rabinovitch, and Greenberg 

Then either the left or right gland is pulled aside bj- gentlj^ severmg 
the connective tissue fibers, care being taken not to sever any im- 
portant vessels. The tip of the gland and the skin are pinched 
together with a hemostat, and the latter is laid dovm so as to 
maintain a wide opening. The external jugular vein and its two 
upper branches are isolated for as great a length as is possible. 
This is done without cutting the muscles, as they help to hold 
the cannula in place. 

At this point the abdomen is slit longitudinally from the pubis 
to the thorax without touching the diaphragm, and a transverse 
cut is made toward the right side of the animal. The abdominal 
ca-ilty is now cleared by delicately lifting out the \Tscera and 
placing them on the animal’s left side. This e.xpose3 the inferior 
vena car^a, which is a comparatively large vessel. The anti- 
coagulant, heparin, is injected into the vena cava through a 
hypodermic needle. The needle is left in the vessel, the ^eera 
are put back in place, and the opening is temporarily closed with a 
hemostat to prevent drjlng. 

The blood haring been made incoagulable, the cannula is now 
inserted. A strong silk thread is passed under the jugiilar just 
above the clavicle, and the lumen of the vessel is collapsed by 
clamping the ends of the thread rrith a hemostat. Thin bulldog 
clamps are used to pinch off the two upper branches of the jugular. 
The vessel is grasped with a small forceps, and the jugular is slit 
at the point held bj' the forceps, as close as is possible to the 
branching of the jugular. The blood is wiped away and, rvith the 
right hand, a canmda is introduced as far toward the heart as 
possible, while the vessel is held by the forceps in the left hand. 
The hemostat holding the thread is then released, and the cannula 
temporarily tied in place rrith a single knot. The cock controlling 
the perfusion fluid is turned to allow a little of it to flow into the 
vein, as a test that the cannula has been inserted into the lumen. 
If there is no flow, one may try to direct the cannula so that its 
axis is coincident rrith the direction of the jugular as it dips toward 
the heart. When a good flow of saline is established, the cannula 
is fastened in place with a second knot. 

The hemostat closing the abdominal opening is now removed 
and the secondary and tertiary veins (iliac, femoral, etc.) are 
punctured. The hind limbs are released so as to allow a good 
circulation. 
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After 5 to 15 minutes perfusion, the heart may stop. It can be 
started again by opening the thorax along the mid-line and in- 
jecting a few tenths of a ml. of 1:1000 adrenalin solution into the 
heart cavity, and gently massaging the heart muscle to stimulate 
the ventricular contraction. 

The Straub single tube cannula, shown introduced into the 
jugular in Fig. 1, has the disadvantage of allowing a little air from 
the tip to flow into the circulation, producing small embolic 
hemorrhages here and there in the lungs. 

The cannula is filled with the Locke’s solution before being 
attached by rubber tubing to the saline reservoir. Air can be 
detached and withdrawn with a needle and syringe, by introducing 
the needle through the rubber tubing. The Locke solution reser- 
voir consisted of a Woulfe bottle, with an outlet at the bottom. 
It was inverted and fixed in place in an inverted Bell jar with a 
tubulated top, through which the tube feeding the Locke’s solution 
could be passed. Warm water was circulated tlirough the Bell 
jar to maintain the Locke’s solution at body temperature. 

For the present work a group of animals was perfused on the 
same day, and the best organs were selected for chemical anal 3 'sis. 
Imperfectly perfused tissues were discarded. Sometimes in an 
animal otherwse well perfused, a single organ, such as the lungs 
or testes, would be imperfectly perfused. In the lungs this may 
be due to gaseous embolisms, and in other tissues to regions of 
peripheral vasoconstriction that retard the flow of saline. 

Perfusion of the liver and other organs in the abdominal viscera 
can be greatly improved by injecting Locke’s solution under 
considerable pressure into the thoracic aorta and massaging the 
spots where blood still appears to be present. 

The general degree of perfusion of the different tissues and 
organs, their appearance, and the specific treatment that was 
followed in each case are briefly described below. 

Lungs — If introduction of air into the vessels while the cannula 
is held in place is avoided, and the circulation has been maintained 
for a suflicient time, the lungs appear perfectly white. Pink 
spots occasionally may be present owing to hemorrhages resulting 
from gaseous embolism. 

Heart— -In a well perfused heart, the muscle appears decolorized 
and the coronary vessels are full of Locke’s solution. 
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— ^Adequate perfusion turns the liver a whitish brown 
color. The tissue becomes quite soft through imbibition of saline. 
Perfusion of the liver can be greatly improved by injecting Locke’s 
solution into the portal vein and massaging the spots where blood 
still appears to be present. 

iTfdnejf— This organ turns a whitish brown color and a perfectly 
clear saline solution flows from the open renal veins. 

Tesles — ^These are quite difllcult to free from blood. However, 
if the}”^ are brought out from the scrotum, they may be freed from 
a considerable quantity of blood by injections of saline into the 
abdominal aorta. On good perfusion, the testes will look almost 
completely white and, on removal of the capsule, the parenchjma 
will appear faintlj’- pink. Occasionally, the main blood vessels 
still contain diluted blood, but these may be dissected out. 

Brain — This organ appears white, and the meningeal vessels 
are free of blood. 

Bone — ^The evaluation of the extent of perfusion in the bones is 
quite difficult; however, it can be presumed that a moderate 
degree of perfusion is attained. The diaphyses of the tibia and 
femur were taken apart after perfusion, and freed of bone marrow 
by means of a large sjTinge attached to the bone with transparent 
rubber tubing. The bone marrow is then washed away with an 
acidulated saline solution. The bones are sectioned with bright 
chrome-plated scissors, and freed, as much as possible, from bone 
marrow and periosteum, and finallj' washed again with saline. 

Bone Marrow — Perfused bone marrow appears lighter than the 
non-perfused. However, the degree of perfusion is not complete. 
For analysis the bone marrow is collected in vei:>' small crucibles. 

Spleen — ^After a thorough perfusion and injection of safine into 
the thoracic aorta, this organ appears paler than usual, and the 
vessels approaching it are free of blood. 

Intestinal Tract — A good perfusion completely frees all of the 
intestinal tract and the mesentery of blood. The injection of 
saline into the thoracic aorta improves the quality of the perfusion. 
Sections not completely free of blood may be separated from the 
rest of the small intestine. For analysis, the intestinal tract is 
separated from the mesentery", slit open, and the contents thor- 
oughly washed out. 

il/wscfe— After a good perfusion and injection of saline in the 
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lower aorta, the muscles of the thoracic walls appear whitish pink. 
The deeper muscles are less well perfused and are a deeper color. 
They were not used in the analysis. 

EXPERIMENTAL 

The iron was determined by oxidimetric titration uith titanium 
trichloride, according to the method of Klumpp (4). Following 
perfusion, the tissues and organs intended for analysis were dis- 
sected out with bright chrome-plated instruments, and further 
washed by being placed in silica ware crucibles and covered 'R'ith 
saline solution. Small cuts were made into the organs to allow 
for better washing. After about an hour, the saline was removed, 
the tissues rinsed, and the crucibles and contents placed overnight 
in an electric oven kept at between 90-100° in order to dry. After 
drying, the crucibles and contents were weighed, and the tissues 
were dry-ashed in an electric muffle. Jackson (5) has pointed out 
that there is a possibility of loss of iron in the form of ferric chloride 
by dry ashing if the temperature is elevated too high. In the 
present work the initial temperature was maintained at 360° and 
was then allowed to rise slowly up to 700°. After from 12 to 20 
hours ashing, the samples were allowed to cool, and the ash was 
then dissolved wdth small portions of 6 N HCl, heat being emploj'ed 
to complete the solution of the ash in the acid. 

Difficulties due to the presence of copper were encountered only 
with the liver, and only in this organ was the copper removed by 
precipitation with H 2 S, according to the procedure of IQumpp (4). 
A blank titration was run on all reagents to test for the possibility 
of iron contamination. 

The animals used for analysis consisted of normal rats from 
our stock colony, rats made anemic by being reared on a modified 
skim milk diet,^ and iron-enriched rats. Iron enrichment was 
attained by feeding 1 mg. of Fe as ferric chloride daily to each rat, 
and keeping them at the reduced atmospheric pressure of 300 to 
400 mm. of Hg for about 1 month in the low pressure tanks of 
Professor E. S. Sundstroem (6). 

^ 84 per cent powdered skim milk (Klim), 15 per cent Crisco, and 1 
per cent cod liver oil. 1 mg. of crystalline thiamine chloride was added 
per 100 gm. of diet. The Fe content was from 4 to 7 mg. per kilo of food. 
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Analylical Results 

Vmperfusion generally causes some increase in the water con- 
tent of the tissues. This makes analytical values based on wet 
weight somewhat unreliable. Whipple and coworkers (1, 2) 
recognized this fact in their work, but regarded the mcrease m 


Table 1 


Influence of Perfusion on Fresh If eights of Tissues from Three Male Rais, 
1 Year Old, Weighing SOO Gm. Each 


Organa 

Water content 

Found 

Reported by 
Donaldson (T) 

Difference 


jXTcent 

per cent 

percent 

Bone marrow 

63.8 



II 

40.0 

33.6 

+6.4 

Heart 

82.3 

77.6 

+4.7 

Stomach 

78.4 




81.7 



Small intestine | 

86:8 

1 


1 

83.1 



Large 

84.2 




80.1 



Kidney 

83.4 ' 

77.1 

1 +5.3 


82.0 

77.1 

+4.9 

Spleen 

76.9 

77.4 

-0.5 

Liver 

73.3 

74.0 

-0.2 


75.3 

74.0 

+1.3 

Lungs 

80.3 

81.6 

-1.3 


80.0 

81.6 

-1.6 

Testes 

87.2 

87.0 

+0,2 

Muscle 

79.5 

76.2 

+3.3 


76.8 

76.2 

+0.6 

Brain 

80.6 

77.5 

+3.1 


79.6 

77.5 

+2.1 


water content as a negligible factor with respect to the accuracy of 
the analysis. A comparison of the percentage water content of 
the tissues of three perfused male rats with data for the water 
content of similar a nim als, compiled by Donaldson (7), is given in 
Table I. The results in Table 1 show a water increase in most of 
the tissues on which comparison could be made. It is interesting 
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to note that the liver, which appeared to become water-logged 
and mushy during the perfusion, showed little water gain. 

The analytical values for the iron content of the tissues of nor- 
mal, anemic, and iron-enriched rats are summarized in Table II. 
The figures are reported both on a dry weight and moist weight 
basis. The dry weight values were obtained directly from weigh- 
ing the dry tissues,, and the moist weight values were calculated 
from the dry weights, the water content given by Donaldson being 
used when it was available and the water content obtained in the 
series shown in Table I for tissues on which data in Donaldson’s 
work were not available. 

The trend of the values in Table II indicates that rats on diets 
deficient in iron show decreased iron in the tissues as compared to 
normal rats on the stock diet, while rats on diets supplemented 
with iron, and kept under reduced pressure, showed, in general, 
increased iron in the tissues. 

The data are in good agreement with published values of 
Whipple and coworkers (1, 2) for the iron content of similar tissues 
in the dog. They are of the same order of magnitude, but gen- 
erally somewhat lower than those reported by Wakeham and 
Halenz (3). This might be expected, since the method of washing 
used by the latter authors is probablj' not so efficient as viviper- 
fusion for freeing the tissues of blood. 

Because of the i^ariability found in the iron content of tissues 
(Table II) and the small series analyzed, only large differences in 
the mean values between normal, anemic, and iron-enriched rats 
are probably significant. The great variation in the iron content 
of tissues has been emphasized bj'^ Hahn (8). 

Most strikingly depleted of iron by the anemia are the liver and 
spleen. Significant, but lesser, degrees of depletion are shown by 
the bones, heart, brain, and lungs. Much evidence is available 
that the liver and spleen have important functions in iron metabo- 
lism (8, 9). It is interesting that the analysis of the bone marrow, 
also an important factor in iron metabolism, shows no significant 
alteration in the iron content of the anemic animals. A possible 
explanation for the maintenance of the iron content of the anemic 
bone marrow is that there is a mobilization of the iron of the body 
into the bone marrow for forced hemoglobin formation. 

Attempted enrichment of the body iron by iron feeding led to 
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significant increases in the iron content of bone marrow. The 
tissues that were most easil}'' depleted, namelj'- the liver and spleen, 
registered no gain. 


SUMMARY 

1. An operation has been devised for viviperfusion of the rat bj' 
which it is possible to obtain practically blood-free tissues for the 
estimation of the iron content of the tissue. 

2. Analyses have been carried out on the iron content of the 
tissues of normal, iron-deficient, and iron-enriched rats. 

3. The data, in general, show a decrease in the iron content of 
the tissues of anemic rats, the liver and spleen being most strongly 
depleted. 

4. Iron enrichment leads to an increase in the iron content of 
most of the tissues, the bone marrow showing the greatest gain. 
Iron enrichment did not significantly increase the iron content of 
the liver and spleen. 
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The discoverj' of artificially induced radioactive isotopes (1) 
and their easy preparation through the development of the cyclo- 
tron by Lawrence and collaborators (2) have provided a powerful 
tool for the study of metabolism through the use of “labeled” 
molecules. This tool has been successfully applied to the study 
of many of the biologically important mineral elements (3). The 
recent production of radioactive iron (4) offers the promise of 
employing this new technique as an aid in clearing up the enor- 
mous, but contradictory, literature on iron metabolism in normal 
and pathological conditions. 

Despite much conjecture, little definite knowledge is available 
about the mechanism of absorption and excretion, and the mech- 
anism for the transport and mobilization of the iron reserves of 
the organism. Recent re^’iews summarizing the present status 
of the subject have been published by Hahn (5) and by Heath and 
Patek (6). 

In the present work, nith radioactive iron as an indicator, the 
absorption, distribution, and excretion of this element were studied 
in normal and iron-deficient rats.* 

Methods 

While the radioacthm isotope, Fe^®, offers hope of throwing new 
light on iron metabolism, the weakness of its radiation makes its 

* Expiration of Dr. Austoni’s leave limited the scope of the investiga- 
tion and prevented carrying out as complete a study as had been planned. 
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quantitative estimation quite difficult. Furthermore, the /3-rays 
emitted are of a low energy and are readily absorbed (4). This 
difficulty is enhanced by defects in the chemico-anab'-tical methods 
for the separation of iron, which are far from being satisfactory for 
biological material. 

Having begun a study of iron metabolism with labeled iron, the 
authors soon became aware of the necessity of standardizing the 
analytical technique for separating the iron and measuring its 
radioactivity. The reports published by Hahn, Bale, Lawrence, 
and Whipple ( 7 ) furnished us -with further proof of this necessity. 
Thus, as a first step, a survey of methods was carried out and 
procedures were developed which appeared adequate for the 
present study, although they were bj’^ no means ideal. 

The radioactive iron used in this work was produced bj’^ bom- 
bardment of iron phosphide with deuterons in the cyclotron of the 
Radiation Laboratory of the University of California. The 
reaction that takes place is 

ssFe's + iH2 ssFe^ + iH* 

The half life of Fe®^ is 47 ± 3 days, and its decay is depicted by 
the reaction 

seFe*’ — ^ 27C0*® -j- c~ 

The iron was isolated from the iron phosphide by the procedure 
described by Livingood and Seaborg ( 4 ). In most cases, the iron 
was extracted as ferric chloride from HCl solution with ether, but, 
in several instances, recourse was had to the alternative procedure 
of precipitating the iron as ferric hydroxide. The purity of the 
different samples was established by determining the decay curves. 

The estimation of the radioactivity was carried out mainly with 
a Lauritsen electroscope, which proved sensitive enough for most 
purposes. Samples too weak for the electroscope Avere measured 
with an ionization electrometer (8). The experimental results 
are expressed either in arbitrary electroscope units,- or in tcnns of 
the per cent of total radioactive iron administered. 

Absorption of Radiation and Recovery of Iron — The experiments 
reported below were carried out in order to determine the most 

* 1 unit is equivalent to the background discharge of the instrument, 
and is approximately equal to 1/1600 microcurie. 
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suitable procedures for isolating the iron samples and measuring 

their radioacti\dty. _ r . • 

Hahn and co workers (7) carried out the majority of their 
actbdty measurements on solutions of their samples, using the 
method deiused by Bale, Haven, and LeFevre (9). A test, the 
results of which are given in Table I, showed that this is an un- 
suitable procedure when the measurement is made with an electro- 
scope upon the sample contained in a Coors ashing capsule. 
In solution, as would be expected upon a priori grounds, the degree 
of |9-raj’ absorption is enormous. A reduction in the already low 
degree of radiation of the iron samples would greatly enhance the 
errors of the estimation. 

Because of the soft /9-rays emitted bj' iron, it appeared reason- 
able to suspect a considerable self-absorption by the inert iron in 
a radioactive preparation. The effect of inert iron and of certain 


Table I 

Absorption of p~Rays from Fe” in Solution 



Dt7re:0j 

Fe diafolred in 1 x HiSO* 


Fe) 

1 xnL 

i 1 

3 xnL 

1 5ml. 

SroL 

Rfidioactivity, units 

210 

60 

wm 



9.6 

95.5 

Absorption, per cent 

0 

71.5 






combined anions was determined by adding varying amounts of 
FeCU to a sample of radioactive FeCU and measuring the radia- 
tion of the iron in the form of the chloride, hematite, magnetite, 
and sulfate. 

From the results obtained, which are given in Table II, it ap- 
pears that self-absorption by the inert iron can be of little con- 
sequence. Additions of far larger quantities of iron than were 
present in the initial labeled iron sample produced no measurable 
reduction, in the radioactmty. On the contrary, the absorption 
of the anions seems quite important, the amount being dependent 
on the quantity of anion present. This test established the fact 
that conversion of iron to its oxides would yield a suitable medium 
for measuring the radioactivity of labeled samples. 

The degree to which the radiation of Fe®® is absorbed bj' the 
inorganic matter present in biological material was tested on 
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artificial salt mixtures, and on the ash of rat tissues to which a 
measured quantity of radioactive iron was added. Aliquot por- 
tions were evaporated in Coors ashing capsules, heated, and the 

Table II 


Test of Absorption of Radioactivity by Iron and Iron Salts 


Quantity 


Radioactivity units: measured as 


of Fe* 

FeClj, dried 
at 100° 


FejOs ■4' Fe304, 

heated to 700® 

F 0 SO 4 + 
Fe2(S04)jt 

FeaOs -f FoaO^, 
heated to 750®t 

mg, 

0.9§ 

97 

101 

100 

83 

n 

1.9 

100 


103 

100 


2.9 

95 

■■■ 

100 

98 

■rh 

3.9 

91 

101 

99.5 

95 

mmM 

4.9 

88 

’ 100.5 

100 

94 

■EH 

5.9 

93 

103.5 

103 

94 

■■ 


* Inert FeCU added to the active iron sample. 

t Samples represented in the preceding column dissolved in H5SO4 and 
evaporated to dryness. 

J Sulfate samples converted to oxides by heating to 750®. 

§ Standard. 


Table III 


Absorption of Radioactivity of Iron by Inorganic Salts 


Sample 

■ 

Heated at 
300-360° 

Heated at 
700-760° 

Salt mixture* 

1 ml, 

1 

percent 

0 

per cent 

0 

(( (t 

20 

3 

3 

l( ({ 

50 

11 

12 

T’lRSiip n.sVi Rnlnt.inn 

2 

9 

14.5 

tt (( (t 

10 

17.5 

13.5 

tt tt it 

20 

22.5 

27 





* The salt mixture contained K2HP04 6.63 gm., NaH2P04 2.56 gm., 
and CaClj 0.8 gm. per 100 ml. 


radioactivity measured after cooling. Illustrative results are 
recorded in Table III. These tests showed that absorption of the 
radiation assumed larger proportions as the quantity of the inert 
inorganic matter increased. 
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The absorption of the radiation obtained by salt mixtures and 
tissue ash comdnced us that isolation of the iron is necessarj- to 
obtain satisfactorj’- results. This is especially true for those 
materials that are rich in inorganic matter, such as bone, carcass, 
feces, and food. Tests were carried out to determine the recovery 
of knovra quantities of labeled iron precipitated as ferric oxide and 


Table 1Y 

Test of Rdalive Recovery of Radioaclive Iron hy Separation As Sulfide and 
As Hydroxide from Body Tissues 



Healea at 300” as re-O, 

Heated at TOO* as RejOt 


Radio* 

activity 

Recovery 

Radi^ 

activity 

Recovery 

Standard radioactive iron 

25 ml. solution of tissue ash; FeS 

separation (I)* 

2 mg. Fe carrier added; FeS sepa- 
ration (II) 

2 mg. Fe carrier added; FeS sepa- 1 
ration (III) ! 

tinittpo” 100 

ml. 

390 

, 300 

64 

1.2 

percent 

76.9 

16.4 

0.3 

until jxrlOO 
rtt. 

382 

316 

60.8 

1.2 

percml 

82.7 

15.9 

0.3 

Total recovery 

365.2 

93.6 ' 

378.0 ' 

98.9 

25 ml. solution of tissue ash; 
Fe(OH)j separation (I) 

320 

82 

334 

87.5 

2 mg. Fe carrier added; Fe(OH)i 
separation (II) 

2.0 

0.5 

4.8 

D 

2 mg. Fe carrier added; Fe(OH)j 
separation (III) 

6.4 

1.6 

6.4 

■ 

Total recovery 

328.4 

84.1 

345.2 

90.3 


• The roman numerals represent the number of precipitations. 


as ferric sulfide according to the method of Jackson (10). Such 
a recovery experiment is shovm in Table IV. The results indi- 
cated that the best recovery is obtained by the sulfide precipitation 
method, nath inert iron as a carrier. 

The experiments carried out to test the absorption and recovery 
of administered samples of iron led us to adopt the following 
technique of operation for this work. 
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Because of its greater convenience, the organic matter of the 
samples was removed by dry ashing. Jackson (10) has pointed 
out that there is a possibility of loss of iron in the form of ferric 
chloride by dry ashing, especially in the presence of large amounts 
of potassiiun and sodium chloride. The possibility of such loss was 
minimized by carrying out the early heating at a low temperature 
(350-400°) and increasing it not to exceed 700°. An experimental 
test of this procedure with labeled iron showed that, if the early 
heating is carried out at low temperature, the iron can then be 
strongly heated without any loss. 

After ashing, the samples were dissolved in hot 6 K HCl. For 
isolation of the iron, aliquots of one-tenth or one-twentieth of the 
sample of bone, feces, or carcass were taken and the total dissolved 
ash for the other tissues. The pH w^as then adjusted with am- 
monia to the turning point of methyl red, and the iron was pre- 
cipitated as the sulfide with HjS. This procedure is recommended 
by Jackson as a method of separating iron in the presence of 
phosphate. In the presence of large amounts of calcium phos- 
phate, such as occur in bone, carcass, and feces, a precipitate, 
probably of iron and calcium phosphate, came down during the 
neutralization. This was not large in quantity and was filtered 
off along with the precipitated iron sulfide. Because of the finely 
divided nature of the precipitate, the iron sulfide was filtered 
through a sintered glass filter covered wdth a layer of asbestos. 

After the first precipitation, a known amount of iron (1 to 2 mg.) 
was added to the filtrate to act as a carrier, and the iron was again 
separated by passing H 2 S through. On materials from which iron 
is difiicult to separate, this operation wms repeated a second time. 
Lastly, the collected iron precipitates were dissolved with hot 
6 N HCl, and the total or aliquot portions were evaporated to dry- 
ness and heated to convert the iron to the oxide. The radio- 
activity was measured in this form. 

The total radioactive iron recovered from each animal was 
computed by adding the values for excreta and carcass to those 
for blood and tissues. Recovery was ordinarily 80 to 90 per cent 
of the iron administered. 

Plan of Experiments 

Experiments were carried out by administering radioactive iron 
to two groups of rats, normal and iron-deficient. The normal 
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animals were reared on our stock colony diet, while the other 
group was maintained on an iron-deficient diet composed largely 
of dried skim milk.^ 

Hemoglobin values for each animal were determined at weekly 
inten’als, with a Newcomer hemoglobinometer. At the time of 
administering the radioactive iron, the hemoglobin values for the 
normal rats ranged from 14.4 to 16.1 gm. per 100 ml. (85 to 95 
per cent) and for the anemic rats from 5.9 to 9.3 gm. per 100 ml. 
(35 to 55 per cent). 

The radioactive iron, in solution as ferric chloride, was admin- 
istered to the rats by stomach tube in doses of 2 to 8 mg. The 
size of the dose was governed by the weight of the rat and the 
radioactive strength of the sample. 

The animals were then placed in indmdual metabolism cages 
over a dernce permitting separate collection of urine and feces, 
and were fed the stock colony diet. 

A few’ of the normal animals were given radioactive ferrous 
sulfate instead of ferric chloride, but no significant difference in 
absorption was obseiw'ed. 

After the desired period had elapsed, the rat was anesthetized, a 
blood sample was drawn, and the animal was r'ir’iperfused bj’ the 
technique of Austoni, Rabino\’itch, and Greenberg (11). The 
blood and desired tissues were separated and analyzed for their 
radioactive iron content. The radioactive iron in urine and feces 
was also determined. 

EXPERIMENTAL 

Absorption — The passage of the administered doses of radio- 
active iron along the gastrointestinal tract is shown in Fig. 1, in 
w’hich the data represent the labeled iron of the ^cera and their 
contents. Removal of iron from the stomach and small intestine 
required about 24 hours. The stomach showed a regular decre- 
ment in the radioactive iron with time. The peak in labeled iron 
concentration in the small intestine was obtained in the first 
sampling period (3 hours). How much earlier the peak may have 
appeared cannot be stated. Labeled iron was present in the large 
intestine very soon after its administration, considerable quantities 
appearing as early as 3 hours. 

’ 84 per cent powdered skim milk (Klim), 15 per cent Crisco, and 1 per 
CMt cod liver oil. 1 mg. of crystalline thiamine chloride was added per 
100 gm. of diet. The Fe content was from 4 to 7 mg. per Idlo of food. 



34 


Iron Metabolism 


In the large intestine, the level of labeled iron reached a maxi- 
mum, and then decreased with time. This maximum was lower 
in the anemic rats, and occurred later than in the normal 
rats. 

The curves of Fig. 1 show that the passage of iron through the 
gastrointestinal tract is slower in the anemic animals. This 



Fig. 1. Rate of passage of radioactive iron through the gastrointestinal 
tract of normal and anemic rats. The curves of control animals are marked 
N and the points by squares; the curves of anemic animals are marked A 
and the points by circles. 

probably is the result of a hypotonicity of the gastrointestinal 
tract in the anemic animals. 

The anemic animals absorbed a larger fraction of the admin- 
istered iron. This has already been observed by Hahn and co- 
workers (7) on dogs, and might have been expected from the 
available knowledge on iron metabolism (5, 6). The possibility 
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exists that the delay hi the passage of the iron through the gastro- 
intestinal tract may be a factor in the increased absorption. 

The time relationship found for the disappearance of iron from 
the stomach and small intestine agrees well nith the absorption of 
iron deduced from the cur\-es of serum iron obtained by Moore 
and coworkers (12). 


EXCRETION OF RADIOACTIVE IRON 



Fig. 2. Curves of the elimination of radioactive iron in feces and urine 
by normal and anemic rats. 

Excretion — ^The curves of the excretion of labeled iron in the 
feces and urine are plotted in Fig. 2. The more complete utiliza- 
tion of the orally administered iron by the anemic rats is deter- 
mined both by a greater degree of absorption and by a lessened 
degree of urinary excretion. The normal animals lost more iron 
both in the feces and in the urine. The bulk of the excretion 
occurred during the first 24 hours, and dropped to a small value 
thereafter. 

Over a 10 day period the normal animals lost about 60 per cent 
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and anemic animals about 50 per cent of the administered iron 
in the feces. The urinary excretion in the same period was about 
10 per cent for the normal and only about 1 per cent for the 
anemic animals. 

Distribution — In an evaluation of the relative importance of the 
dilSferent body tissues for the uptake and storage of ingested iron 
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Fig. 3. Specific accumulation of radioactive iron by certain viscera of 
normal and anemic rats. Specific accumulation is represented in terms 
of per cent of the administered dose per gm. of fresh tissue. 


a distinction must be made between those tissues which show a 
high specific accumulation per gm. of tissue, but which are small in 
size, and those tissues with a low specific accumulation, but which 
represent a large fraction of the mass of the body. 

The curves for the specific accumulation of the major viscera 
and tissues of the body, in terms of the uptake of administered iron 
in per cent of dose administered per gm. of fresh tissue, are plotted 
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in Figs. 3 and 4. They fall into three groups according to the 
order of magnitude of the specific accumulation. The highest 
specific accumulation occurred in bone marrow, blood, and spleen. 
An intermediate group is represented by the liver, heart, kidney , 
and lungs. Lowest values were obtained for the brain and, in 
normal animals, for bone and muscle. 



Fig. 4. Specific accumulation of radioactive iron by certain tissues of 
normal and anemic rats. Specific accumulation is represented in terms 
of per cent of the administered dose per gm. of fresh tissue. 

Although thej'- have a high specific accumulation, the spleen 
and the liver account for but a small fraction of the absorbed iron 
even in the anemic animals. On the other hand, muscle, despite 
the low specific accumulation, accounts for a considerable quantity 
of the absorbed iron. 

Figs. 3 and 4 show that the lag in the rate of absorption of iron 
in the anemic rats, deduced from the change in the gastrointestinal 
contents, is reflected in the curves of accumulation of most of the 
tissues. 
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Curves of the total accumulation of labeled iron are given in 
Kg. 5 for certain tissues which play an important r61e in iron 
storage. The values for total muscle and blood in the body were 
calculated from the percentage amounts of these tissues in the rat 
as given by Donaldson (13). From Fig. 5 it may be seen that the 
blood and total muscle, particularly in anemia, store by far the 

CONTENTS 



Fig. 5. Total accumulation of radioactive iron by tissues of major 
importance in iron metabolism in normal and anemic rats. The accumu- 
lation is represented in terms of per cent content of administered dose of 
radioactive iron. 

greatest amount of the absorbed iron. In comparison, the total 
uptake of the spleen and liver is relatir^ely small. The bone 
marrow also must be considered as an important storage site. 
This is indicated by its high specific accumulation value (Fig. 4). 
Since it is difficult to determine the total marrow content of the 
body, it was not possible to estimate the total amount of the 
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administered radioactive iron that was stored in this tissue in the 
experimental rats. 

DISCUSSION 

The present investigation represents the first reported study of 
the passage of iron through the gastrointestinal tract with radio- 
active iron as a tracer. Also the distribution of labeled iron was 
determined in a number of tissues not covered by Hahn and co- 
workers (7) in their published work with radioactive iron. 

The results of this investigation, in general, are in agreement 
with the accepted views concerning iron metabolism (5, 6). The 
data confirm the already known importance of the bone marrow, 
blood, liver, and spleen for iron metabolism. They indicate an 
importance of the muscles for the storage of iron in anemia which 
has hitherto not been brought to light. Eig. 5 shows that, after 
10 days, about 25 per cent of the administered iron had accumu- 
lated in the muscles. This represents about half of the iron ab- 
sorbed. Some, but not much, of the iron in the muscles may be 
due to contained blood, as the muscles are difficult to perfuse 
thoroughly. Hahn and 'Whipple (14), although they were able 
to account for only half of the intravenously injected colloidal 
iron hydroxide in the perfused tissues of an anemic dog, could find 
no storage of iron in the muscles. The colloidal iron was admin- 
istered over a 2 day period, and the dog was sacrificed and per- 
fused about a day later. It should be noted that this interval of 
time just preceded the increase in the labeled iron of muscles of 
the anemic rats. The discrepancy iu the findings points to the 
need of a further study of the storage of iron by muscles. 

The significant conclusion of Hahn and coworkers (7) that, 
“The need of the body for iron in some manner determines the 
absorption of this element,” has been confirmed by the greater 
absorption of labeled iron observed in anemic rats. As has already 
been pointed out, the slower passage of iron through the gastro- 
intestinal tract of the anemic animals may be a factor in the greater 
absorption. 

We are indebted to the generosity of Professor E. 0. Lawrence 
and Dr. M. D. Kamen of the Radiation Laboratory of the Univer- 
sity of California for the radioactive iron used in these experiments. 
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Technical assistance was furnished by the personnel of the Works 
Progress Administration (Official Project No. 65-1-08-62). 

SUMMARY 

1. With radioactive iron as an indicator, the absorption, dis- 
tribution, and excretion of this element were studied in normal 
and iron-deficient rats. 

2. It required about 12 hours for a single dose of iron to pass 
from the stomach and small intestine. Passage through the gas- 
trointestinal tract was significantly slower in the anemic rats. 

3. The anemic animals eliminated less of the administered iron 
in both feces and urine. During a 10 day period, the normal 
animals retained about 30 per cent of the administered iron, 
while the anemic animals retained 50 per cent. The greater part 
of the elimination through the feces and urine took place within 
48 hours. 

4. The specific accumulation of the absorbed iron per gm. of 
tissue was greatest in the bone marrow, blood, spleen, liver, and 
heart. The total accumulation was greatest in muscle and blood, 
particularly in anemic rats. After 10 days, the radioactive iron 
had nearly disappeared from the muscle and blood of the normal 
rats, but showed marked accumulation in the muscle (25 per cent 
of administered dose) and blood (14 per cent of administered dose) 
of the anemic animals. 
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THE OXIDATION OF I(-)-ASPAS.TIC AND l(+)-GLDTAMIC 
ACIDS BY HEMOPHILDS PARAINFLUENZAE 

NOTE ON THE PREPARATION OF PYRIDINE NUCLEOTIDES 
FROM BAKERS’ YEAST BY THE METHOD OF WAR- 
BURG AND CHRISTIAN 

By J. R. KLEIN 

{From the Deparlmenl of Biochemislry, Duhe XJniversily School of Medicine, 
Durham, North Carolina) 

(Received for publication, February 26, 1940) 

The organism, Hemophilus parainjluenzae, requires factor V as 
an essential nutrient (1). It has been shown that di- and tri- 
phosphopyridine nucleotides can settle as factor V (2). When 
the bacteria have utilized the available factor V, growth and the 
ability to perform those functions requiring pyridine nucleotide 
cease. If pyridine nucleotide is added to the bacteria, their 
ability to grow and carry out various reactions is restored. Either 
nucleotide can be added, since they are intercom'ertible in the 
bacteria (2), 

In the present work the oxidation of amino acids by Hemophilus 
parainjluenzae has been studied. It was found that Z(+)-glu- 
tamic and f(— )-aspartic acids were oxidized, and that the oxida- 
tions required pyridine nucleotide. An attempt to determine 
which nucleotide was required in the oxidations was not successful. 
Data were obtained which indicate that f(+)-glutamic and f(— )- 
aspartic acids were oxidized according to Equations I and II 
respectively. 

I- K+) -Glutamic acid + 2JOj — » acetic acid + NHj + 3COj 
II. Z(-)-Aspartic acid -f Oi — » acetic acid + NH, + 2COi 

^ analysis was made of the steps in the oxidations of the amino 
acids to acetic acid. Data were obtained which suggest that the 
reactions may proceed through the intermediates indicated in the 
series of Equations III and IV, 
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The series of reactions postulated is based upon the following 
observations. The oxidations of the substrates indicated in steps 
(d), (e), (/), (h), and (i), Equation III, and those indicated in 
steps (c) and (d), Equation IV, proceed with an uptake of oxygen 
and carbon dioxide production in agreement with the equations. 
Acetic acid was detected as at least one end-product of the oxida- 
tion of each substrate. Steps (a), (/), and (i), Equation III, and 
steps (a) and (d), Equation IV, require pyridine nucleotide. 
Alanine was not oxidized. Therefore, the oxidation of 1(— )- 
aspartic acid could not proceed through alanine; i.e., by decarbox- 
ylation at carbon atom 4. Decarboxylation of Z(-f-)-glutamic 
acid at carbon atom 5 to form a-aminobutyric acid is unlikely, 
since no other amino acid was oxidized. Decarboxylation of the 
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half aldehyde of succinic acid at carbon atom 4 and oxidation of 
the aldehyde to propionic acid or the formation of propionic acid 
from succinic acid is precluded, since propionic acid ■R'as not 
oxidized. Decarboxylation of oxalacetic acid at carbon atom 1 
and oxidation of the aldehyde to malonic acid are not possible, 
since malonic acid was not oxidized. Malonic acid, which inhibits 
the oxidation of succinic acid (3), also inhibits the oxidation of 
{(-}-)-gIutamic acid. Succinic acid as an intermediate in the 
oxidation of the amino acid therefore seems probable. 

hlost of the reactions postulated have been shovm to occur in 
biological material, f(+)-Glutamic acid is oxidized to a-keto- 
glutaric acid by animal tissue (4), bacteria (5), and plants (6). 
a-Ketoglutaric acid is converted to succinic acid by animal tissue 
(7). Succinic acid is oxidized to fumaric acid by animal tissue (8) 
and bacteria (3). Fumaric acid is converted to 1(— )-malic acid 
by animal tissue (8) and bacteria (9). Z(— )-Aspartic acid is 
oxidized to oxalacetic acid by animal tissue (10). i(— )-Malic is 
oxidized to oxalacetic acid by animal tissue (11) and bacteria (12). 
Oxalacetic acid is converted to pjTuvic acid by animal tissue (13) 
and bacteria (14). PjTumc acid is converted to acetaldehyde by 
animal tissue (15) and yeast (16) and to acetic acid by animal 
tissue (17), bacteria (18, 19), and yeast (20). Acetaldehyde is 
oxidized to acetic acid by animal tissue (21) and bacteria (22). 
All of the oxidations, except that of succinic to fumaric acid and 
that of Z(— )-aspartic to oxalacetic acid, have been shown to 
require pyridine nucleotide. 

The present data do not exclude dismutations of the type demon- 
strated anaerobically in Bacterium coli (23, 19) as the mechanism 
of the oxidation of anj^ of the substrates; e.g., pyumme acid. The 
oxidation of pyruxric acid may be as demonstrated for gonococci 
(IS), i.e. pyrux-ic acid + JO 2 -> acetic acid + CO 2 , or through 
acetaldehyde as indicated in Equation III. It has not been 
demonstrated whether the conversion of a-ketoglutaric acid to 
succinic acid proceeds in one or two steps. 

The following amino acids were neither oxidized nor hj-dro- 
lytically deaminated under the conditions of the experiments: 
the dl form of leucine, tymosine, phenylalanine, methionine, cystine, 
alanine, valine, isoleucine, proline, serine; the I form of histidine, 
dnodotyrosine, tryptophane, dihydroxyphenylalanine; d(-f)-as- 
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partic acid; and glycine. It has been stated that the bacteria 
will oxidize d?-valine (2). 

Methods and Material 

The bacteria employed were from a subculture of Hemophilus 
parainfluenzae, Strain 4101, National Collection of Type Cultures, 
Lister Institute, London. The stock cultures were grown in a 
medium containing per 100 ml. 2 gm. of proteose-peptone (Difco), 
0.6 gm, of sodium chloride, 0.1 gm. of sucrose, 0,04 gm, of fumaric 
acid, and sufficient sodium hydroxide solution to produce a pH 
of 7.8. Pactor V, prepared from yeast, was added in excess (24). 

If no factor V is added to the medium, no growth will occur. 
When small amounts are added, the growth is proportional to the 
amount added (24, 25), and at the end of the gro^vth period the 
cells are deficient in factor V (2). 

For the experiments described below 1 ml. of 24 hour stock 
culture was added to 200 ml. of medium containing 1 ml. of factor 
V preparation, representing the hot aqueous extract of approxi- 
mately 5 X 10~® gm. of bakers’ yeast. After incubation at 37° 
for 12 to 20 hours, the bacteria were centrifuged out of the medium. 
They were suspended in 25 ml. of a solution of 0.9 gm. of sodium 
chloride per 100 ml., and again centrifuged. They were then 
suspended in 20 ml. of Ringer-phosphate solution, pH 7.4. 1.5 ml. 
of this suspension were used in each vessel. 

Oxygen uptake and carbon dioxide production were measured 
manometrically in the usual Warburg apparatus. At the end of 
the manometric measurements 0.2 ml. of 20 gm. per 100 ml. 
trichloroacetic acid was added. The bacteria were removed by 
filtration. Ammonia was determined by nesslerizing an aliquot 
of the filtrate. Acetic acid was detected by the use of the lan- 
thanum test (26). The concentration of acetic acid in a typical 
experiment was too low to be detected directly. The contents of 
several vessels were combined, and the bacteria removed by 
centrifugation. The fluid was made alkaline with sodium hy- 
droxide solution and evaporated to a volume of 0.5 ml. The 
reagents were added in the proportions described. Under these 
conditions the test for acetic acid was obtained. It was quantita- 
tively determined by titrating the steam-volatile acids with 
standard alkali. 

The pyridine nucleotides were prepared from bakers’ yeast by 
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a combination of the methods of Warburg and Christian, The 
purity of the diphosphopyridine nucleotide was 42 per cent (of 
the triphosphopyridine nucleotide 10 per cent) as estimated from 
their nicotinic acid content. The method of preparation is de- 
scribed in the “Appendix.” 


EXPEHIMENTAIi 

In Table I are given typical data obtained with each of the 
substrates studied. The ratio, moles of oxygen used to moles of 
siibstTote employed, is a measure of the extent of the reactions. 
The apeement of the observed values with those predicted by 
Equations I to IV is probably within the experimental error. 
If the apparent incomplete oxidations are real, the reactions 
postulated accoiint for at least the peater part of the substrate 
used. The observed ratios, moles of oxygen used to moles of carbon 
dioxide produced to moles of ammonia produced, are likewise in 
reasonably good apeement with those calculated from Equations 
I to IV. 

Acetic acid was detected by the lanthanum test in the case of 
each of the substrates employed. Acetic acid was not oxidized 
by the bacteria. Propionic acid, which also gives the lanthanum 
test (26), was not oxidized. 

In Figs. 1 to 3 are shown the rates of oxidation of some of the 
substances studied. For comparison the rate of oxidation of 
glucose is included in Fig. 1. The magnitude of the control 
respiration is also shown. 

With some preparations of bacteria the rates of oxidation were 
independent of the concentration of the substrate (qf. Fig. 2) and 
the Mnd of substrate (cf. Fig. 1). This was not invariably the 
case (cf. Fig. 3). The factors producing this difference between 
various preparations were not determined. 

It is stated that the rate of methylene blue reduction is much 
peater in the presence of glucose t^n in the case of other sub- 
strates (2). In the present experiments the rate of oxidation of 
the various substrates was of the same order as glucose. 

Oxidation of K~)-Asparlic Acid— The data in Table I show that 
the oxidation of Z(— )-3spartic acid proceeds with an oxygen 
uptake and carbon dioxide and ammonia production in apeement 
with Equation IL 

For a quantitative estimation of acetic acid production 15 ml. 
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Table I 

Oxidation of H.—)-As'partic, l{+)-Glutam.ic, Succinic, Fumaric, dl-Malk, 
and Pyruvic Acids and Acetaldehyde by Hemophilus parainfluenzas 

Each vessel contained 1.5 ml. of a suspension of bacteria in Ringer- 
phosphate solution, pH 7.4; 0.2 ml. of a solution of pyridine nucleotide 
(containing 0.2 mg. of triphosphopyridine preparation or 0.05 mg. of 
diphosphopyridine nucleotide preparation) or Ringer-phosphate solution. 
The bacteria in each vessel represent one-thirteenth of the amount ob- 
tained from 200 ml. of medium. The side arm contained the substrate dis- 
solved in 0.3 ml. of Ringer-phosphate solution. The temperature was 37.5°. 
The vessels were filled with air. The duration of the experiments was from 
1.5 to 4 hours. The appropriate control values have been subtracted. 
Except where indicated, the o.xidation did not occur unless pyridine nucleo- 
tide was added. The oxidations occur with either nucleotide. 


Substrate 

Amount added in terms of one 
isomer 

O 2 uptake 

CO 2 produced 

NHj produced 

Ratio, mM 
of O 2 up- 
take to mM 
of sub- 
strate used 

Ratio, mM of O 2 uptake 
(moles oxyEcn = 1) to m« 
of CO 2 produced to mu ol 
KHs produced 

Observed 

Calculated from 
Equations I-IV 

Observed 

Calculated from 
Kquations I-IV 


VXM 

VXM 

VIM 

VXM 





7(— )-Aspartic 




0.0036 



1:1.94:1.12 

1:2:1 

acid 




0.0014 



1:2.08:1.07 

1:2:1 

dl-Aspartic acid 





IQ 




l(-l-)-Glutamic 


mSS 




2.5 

1:1.19:0.40 

1:1.2:0.4 

acid 




0.0013 

2.43 

2.5 

1:1.15:0.39 

1:1. 2:0.4 

Succinic acid, no 






lOlil 

1:0 

1:0 

added nucleo- 









tide 









Succinic acid 


0.0069 



1.64 

1.5 

1:1.23 

1:1.33 


1 

0.0035 



1.66 

1.5 

1:1.20 

1:1.33 

Fumaric “ 

1 

0.0033 



m 


1:2.09 

1:2 


mSI! 

0.0034 





1:2.03 

1:2 

dZ-Malic " 


0.0015 





1:1.93 

1:2 



mui: 

' 


tWal 

iMifil 


1:2.35 

1:2 

Pyruvic “ 


nm'' 

0^ : 


0.39 

0.5 

1:2.18 

1:2 


mS 1 

ora'i 



0.44 

•Ka 

1:2.00 

1:2 

“ “ no 

SmI! Ir 

IhiiSS' 

IhSiS/! 






added nucleo- 









tide 









Acetaldehyde 





0.33 

0.5 

1:0 
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of the usual suspension of bacteria were incubated, with shaking 
at 37.5°, in the presence of 10 mg. of Z(— )-aspartic acid. After 
4 hours the bacteria were removed by centrifugation. The solu- 
tion was transferred to a distilling flask, and 2 ml. of 18 N ^Ktiric 
acid added. The material was distilled and 10 ml. of distillate 
collected. The distillate was titrated with 0.05 N sodium hydrox- 
ide, with phenolphthalein as an indicator; 1.45 ml. were used. 
Therefore 0.0752 mu of aspartic acid was oxidized to 0.073 mw 
of steam-volatile acid. The agreement of the observed value 



Fig. 1. The rate of oxidation of aspartic acid and glucose and the effect 
of added pyridine nucleotide. The plan of the experiment was as given 
in Table I. Curve A, 1 mg. of glucose plus 0.2 mg. of triphosphopyridine 
nucleotide; Curve B, 0.5 mg. of aspartic acid plus 0.2 mg. of triphosphopyri- 
dine nucleotide; Curve C, 0.25 mg. of aspartic acid plus 0.2 mg. of triphos- 
phopyridine nucleotide; Curve D, 1.0 mg. of glucose; Curve E, bacteria 
plus nucleotide vrithout substrate; Curve F, bacteria without nucleotide 
and substrate; Curve G, bacteria plus 0.5 mg. of aspartic acid. 

with that predicted by Equation II indicates the validity of the 
latter. 

The data in Table I show that the oxygen uptake in the presence 
of dZ-aspartic acid is that expected if one isomer is oxidized. 
Since the I isomer is oxidized, it must be concluded tbat the 
d form is not. None of tbe other amino acids tried was o^ddized. 
This indicates that the bacteria do not contain the d-amino acid 
oxidase or that the amino acids cannot penetrate the ceUs. It 
has been shown that Bacillus proieus and Bacillus pyocyaneus can 
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oxidize certain (Z-amino acids, but not others (27, 28). This 
indicates that the failure to oxidize a given amino acid may not 
be due to a lack of the necessary system. 



Fig. 2. The rate of oxidation of Z(— )-aspartic acid and Z(+)-glutamic 
acid. The plan of the experiment was as given in Table I. The diphos- 
phopyridine nucleotide preparation was used. Curve A, 0.2 mg. of aspartic 
acid plus 0.2 mg. of glutamic acid; Curve B, 0.2 mg. of glutamic acid; Curve 
C, 0.4 mg. of aspartic acid; Curve D, 0.2 mg. of aspartic acid; Curve E, 
bacteria without substrate. 

Fig. 3. Inhibition of the oxidation of succinic and glutamic acids by 
malonic acid. The triphosphopyxidine nucleotide preparation was present 
except when indicated. The appropriate control uptakes have been sub- 
tracted. Curve A, 0.5 mg. of f(-i-)-glutamic acid; Curve B, 0.5 rag. of 
succinic acid; Curve C, 0.5 mg. of succinic acid plus 0.5 mg. of malonic acid; 
Curve D, 0.5 mg. of glutamic acid plus 0.5 mg. of malonic acid; Curve E, 
0.5 mg. of succinic acid, no nucleotide added; Curve F, same as for Curve 
E plus 0.5 mg. of malonic acid. 

By use of the anaerobic methylene blue technique it has been 
shown that Hemophilus parainfiuenzae can oxidize asparagine (2). 
This oxidation requires pyridine nucleotide. 

Z(— )-Aspartic acid was not oxidized by the bacteria unless 
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pyridine nucleotide ■was added. The rate of oxidation 'was inde- 
pendent of the kind of nucleotide added. This indicates that the 
rate of interconveision of the nucleotides is greater than the rate 
of oridation of the amino acid. 

Oxidation of l{+)-Gluiamic Acid — The data in Table I indicate 
that the ojddation of I(-f )-glutamic acid proceeds -with an oxygen 
uptake and carbon dioxide and ammonia production in agree- 
ment with Equation I. In a large scale experiment similar to 
that described in the case of aspartic acid, 0.068 mil of !(+)- 
glutamic acid was converted by the bacteria into 0.062 mii of 
steam-volatile acid. These data indicate the validity of Equa- 
tion I. 

The bacteria did not oxidize the amino acid unless pyridine 
nucleotide was added. As in the case of aspartic acid the rate of 
oxidation was independent of the kind of nucleotide added. It 
has been shown that the oxidation of f(-h)-glutamic acid by other 
bacteria reqxiires triphosphopyridine nucleotide (5). 

Specificity of Enzyme Systems Oxidizing Aspartic and Glutamic 
Acids — If two different systems are employed in the oxidation of 
the amino acids, summation of the rates to a certain extent might 
be expected when both substrates are present. In Fig. 2 data 
bearing upon this point are given. Fig. 2 shows that the rate of 
oxidation of glutamic plus aspartic acid was somewhat greater 
than the individual rates and that the rate of oxidation of aspartic 
acid was not increased by an increase in concentration of the 
substrate. This may indicate that two different enzyme systems 
are concerned in the oxidation of the two amino acids. 

Oxidation of Succinic, Fumaric, and dl~Malic Acids — It has been 
shown by the methylene blue technique that the oxidation of 
succinic acid by the bacteria does not require pyridine nucleotide 
(2). As indicated by the data in Table I and Fig. 3, this applies 
to the oxidation of succinic to fumaric acid. Further oxidations 
of the fumarate require the nucleotide. 

The data in Table I show that only one isomer of df-malic acid 
was oxidized. Since the course of the oxidation of fumaric and 
of malic acid was the same, it may be suggested that the bacteria, 
in common -with others and mammalian tissue, contain fumarase. 

Oxidation of Pyruvic Acid and Acetaldehyde— The data in Table I 
show that, in the presence of added nucleotide, the greater part 
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of the pyruvic acid was oxidized, as suggested in Equation III 
or IV, The significance of the experiments without added 
nucleotide is not clear. The data suggest that pyiuvic acid is 
slowly oxidized by the cells, and that carbon dioxide production 
is a function of that oxidation and some other factor. This reac- 
tion will be studied further. 

The observed oxygen uptakes with acetaldehyde were con- 
siderably less than would be expected from Equation III or lY. 
Some of the substrate added probably disappears, owing to its 
volatility. The significant finding was that no carbon dio.dde 
was evolved. 

Effect of Malonic Acid upon Oxidation of ond 

Succinic Acids — Malonic acid is considered a specific inhibitor of 
the oxidation of succinic acid (3). In Fig. 3 is shown the effect 
of malonic acid upon the oxidation of glutamic and succinic acids 
by the bacteria. 

Fig, 3 shows that the oxidation of succinic acid is inhibited by 
malonic acid. Likewise the oxidation of glutamic acid is inhibited 
by malonic acid. This suggests that succinic acid is one of the 
intermediates in the oxidation of glutamic acid. The oxidation of 
Z(— )-aspartic acid was not inhibited by malonic acid. 

The ammonia liberated from the glutamic acid in the presence 
of malonic acid was approximately 20 per cent of the theoretical 
amount. This indicates that the mechanism of the inhibition is 
probably somewhat more complex than a simple inhibition of the 
oxidation of succinic acid. Otherwise it might be expected that 
all of the ammonia would be liberated, and that the succinic acid 
would accumulate. 


SUMMARY 

The oxidation of amino acids by Hemophilus parainfluenzac has 
been studied. Of those tested only Z(— )-aspartic and !(+)' 
glutamic acids were oxidized in Ringer-phosphate solution. 

Z(— )-Aspartic acid was o.xidized with the uptake of 1 mole ol 
oxygen, the production of 2 moles of carbon dioxide, 1 mole o! 
ammonia, and 1 mole of acetic acid. 

Z(-h)-Glutamic acid was oxidized with the uptake of 2,5 mole: 
of oxygen, the production of 3 moles of carbon dioxide, 1 mole o 
ammonia, and 1 mole of acetic acid. 
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Succinic acid, ’whicli is postulated as one of the intermediates 
in the ojddation of glutamic acid, vras oxidized with the uptake 
of 1.5 moles of oxygen and the production of 2 moles of carbon 
dioxide. 

Fumaric and malic acids, which are postulated as intermediates 
in the oxidation of glutamic acid, were oxidized with the uptake 
of 1 mole of oxygen and the production of 2 moles of carbon 
dioxide. 

Pyru™ acid, which is postulated as an intermediate in the 
oxidation of both amino acids, was oxidized with the uptake of 
0.5 mole of oxygen and the production of 1 mole of carbon dioxide. 

Acetaldehyde, postulated as an intermediate in the oxidation of 
both amino acids, was oxidized with the uptake of 0.5 mole of 
oxygen. 

Acetic acid was detected as the end-product of the oxidation of 
each of the substrates tested. 

Acetic, malonic, and propionic acids were not oxidized. 

The oxidation of succinic and glutamic acids was inhibited by 
malonic acid. 

The first step in the oxidation of succinic acid, which required 
0.5 mole of oxygen, did not require added pyridine nucleotide. 
The complete oxidation of pyruvic acid required added nucleotide. 
This acid was partially oxidized without added nucleotide. The 
oxidation of all of the other substrates required pyridine nucleotide. 

I am grateful to Dr. Henry Innng Kohn for providing the initial 
impetus necessary for this work, and for generous aid in the 
preparation of the bacteria. I am indebted to Mr. E. Levy and 
Mr. H. Sarett for the nicotinic acid analyses of the pyridine 
nucleotides. 


APPENDIX 

Note on the Preparation of Pyridine Nucleotides from Bakers' 
Yeast by the Method of Warburg and Christian 

Warburg and Christian (29) found that a phenol extract of an 
aqueous bakers’ yeast preparation contained flavin-adenine di- 
nucleotide and the pyridine nucleotides. The preparation of the 
flarin-adenine dinucleotide was described. The method for the 
preparation of the pyridine nucleotides was patented ((29) p. 161). 
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Since a description of the method for the preparation of the 
pyridine nucleotides was not available, the following procedure 
was evolved. It is based upon the methods described by War- 
burg and Christian (29, 30). 

Test for Total Pyridine Nucleotides— 'Factor V assays were used 
as a measure of the total pyridine nucleotides present in the 
various fractions. The method has been given (24, 25). 

Test for Diphosphopyridine Nucleotide — The test is based upon 
the fact that the oxidation of lactic acid by animal tissue requires 
diphosphopyridine nucleotide (31). All of the following steps were 
carried out with ice-cold materials or in the refrigerator. 

A rat liver was ground with sand and 70 ml. of 0.01 m disodiiua 
hydrogen phosphate solution. The mixture w^as squeezed through 
muslin. 70 ml. of saturated ammonium sulfate were added. 
After the protein had begun to flocculate, the mixture was centri- 
fuged at 4000 to 5000 r.p.m. The precipitate was suspended in 
50 ml. of 0.01 M disodium hydrogen phosphate solution; 25 m!. 
of saturated ammonium sulfate were added. 0.2 n hydrochloric 
acid was added slowly with shaking until the pH was approxi- 
mately 3 (Congo red paper). The mixture was centrifuged. The 
precipitate was suspended in 10 ml. of 0.04 m disodium hydrogen 
phosphate solution. Enough 0.2 m sodium hydroxide solution 
was added to bring the pH to approximately 7.4. This material 
did not oxidize lactic acid. When flavin-adenine dinucleotide 
and diphosphopyridine nucleotide were added, the preparation 
oxidized lactic acid. The data in Table II illustrate the test. 

Separation of Flavin-Adenine Dinucleoiide and Pyridine Nucleo- 
tides — ^A hot aqueous extract of 20 pounds of bakers’ yeast 
(Fleischmann’s) was prepared. It was extracted with liquid 
phenol. The flavin and pyridine nucleotides were extracted from 
the phenol fraction with w^ater. The flavin-adenine dinucleotide 
was precipitated in acid solution as the silver salt. All of the 
above steps were carried out as described by Warburg and 
Christian (29). The filtrate obtained after the removal of the 
silver salt of the flavin contains the pyridine nucleotides. 

To the filtrate were added 100 ml. of 20 gm. per 100 ml. 
mercuric acetate solution. Solid barium hydroxide wms added 
with vigorous stirring until the mixture was just acid to litmus 
paper. The mixture was let stand in the refrigerator until the 
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precipitate had begun to settle. The precipitate n-as coUected 
by centrifugation. It -was vrashed twice with 20 ml. portions of 
0.5 gm. per 100 ml. mercuric acetate solution. The precipitate 
was suspended in 200 ml. of water. Hydrogen sulfide was passed 
through the mixture for 1 hour. The mixture was centrifuged 
and the supernatant liquid removed. The precipitate was sus- 
pended in 100 ml. of water, treated with hydrogen sulfide, and 
the supernatant fluid collected. This treatment was repeated 
twice more. The combined supernatant liquids had a volume of 
about 500 ml. 


Table II 

Effect of Addition of flavin and Pyridine Kucleolide upon Oxidation of 
Lactate by Rat Liver Preparation 

The oxygen uptakes were measured manometrically at 37 .5°. The ves- 
sels were filled with. air. The insets contained alkali. 0.2 ml. of the flavin 
preparation contained approximately 200 y of the nucleotide; 0.2 ml. of 
the diphosphopyridine nucleotide preparation contained approximately 
100 y of the nucleotide; 0.4 ml. of the lactate solution contained 4 mg. of 
lithimn dl-lactate. The triphosphopyridine preparation in equivalent 
quantities was not active. 


Liver preparation, ml 



1 1.0 

1.0 

Flavin “ “ 


0.2 


0.2 

Pyridine nucleotide preparation, 





ml 



0.2 

0.2 

Phosphate buffer, 0.04 M, pH 7.4, 



i 


ml 

0.6 

0.4 

0.4 

0.2 

Lactate solution, ml 

0.4 

0.4 

0.4 

0.4 

0: uptake, pi. per SO min 

3 

6 

4 

35 


Precijniaiion of Pyridine Nndeoiides by Acetone — The filtrate 
was concentrated in vacuo to about 150 ml. 5 volumes of acetone 
were added. The mixture was kept in the refrigerator until the 
precipitate had settled. The precipitate was collected by centrif- 
ugation. The liquid was concentrated in vacuo to about 40 ml. 
5 volumes of acetone were added. The precipitate formed was 
collected and added to the first. 

Based upon the factor V assay the combined precipitates con- 
tained approximately 75 per cent of the initial pyridine nucleo- 
tides. 
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Separation of Pyridine Nucleotides— The precipitate contained 
about 3 gm. of pyridine nucleotides. It was dissolved in 1000 ml. 
of water. The solution was treated with barium acetate and 
hydroxide and the barium salt of triphosphopyridine nucleotide 
precipitated by alcohol. The separation was carried out as de- 
scribed by Warburg and Christian (30). The addition of the 
barium salts did not produce an appreciable precipitate, since the 
adenine nucleotides were removed by the initial precipitation vith 
silver nitrate. 

One precipitation of each nucleotide with mercuric acetate 
and one with acetone were carried out as described (30). 

The yield was 2.5 gm. of triphosphopyridine nucleotide of 10 per 
cent purity, and 0.8 gm. of diphosphopyridine nucleotide of 42 per 
cent purity. The purity was based upon the nicotinic acid 
content. 

The details necessary for further purification of the nucleotides 
have been adequately described (30). 
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THE RESPONSE OF LIPID METABOLISM TO ALTERA- 
TIONS m NUTRITIONAL STATE 

I. THE EFFECTS OF FASTING AND CHRONIC HKDERNHTRITION 
UPON THE POSTABSORPTIVE LEVEL OF THE BLOOD LIPIDS* 
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Although observations dealing with the influence of nutrition 
upon one or other lipid constituent of the blood have repeatedly 
appeared, no systematic treatment in which all lipid constituents 
were simultaneously studied during changes in nutritional state 
commonly met r\ith in the laboratory is at present available. 
Data concerning the maximirm fluctuations that can occur in the 
level of the various lipid constituents of blood and liver during 
alterations in the caloric intake are necessary for the interpretation 
of lipid changes encoimtered; for example, in endocrine and vita- 
min disturbances. The observations so far reported are not con- 
sistent, owing probably to variations in the lipid methods employed 
as well as in the animal species studied (1-8). Bloor observed 
increases in the lipid level during fasting amounting to as much 
as 22 to 29 per cent of the initial value in three of sLx dogs studied. 
The occurrence of this rise was believed to depend upon the pres- 
ence of adequate body fat. Greene and Summers reported that a 
lipemia occurs in yoimger dogs during fasting but not in older 
animals. Terroine investigated a group of seven dogs during a 
fast that extended over a period of 22 to 35 days and reported 
blood lipid changes ranging from a 45 per cent increase to a 54 
per cent decrease. In two dogs fasted for 7 days. Ling foimd a 

* Aided by a grant from the Research Board of the University of Cali- 
fornia. The assistance furnished by the B'orks Progress Administration 
(Official Project No. 65-1-08-62, Unit A6) is gratefully acknowledged. 
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small decrease in some of the lipid constituents of the blood. An 
early rise in the level of blood cholesterol in man during fasting 
was claimed by Shope. According to Man and Gildea, malnutri- 
tion in man is associated with a lowered lipid level of the blood. 
Page et al. found no change in the level of serum lipids of dogs 
subjected to a very low protein intake for long periods of time. 

The present paper presents the effects of complete e.xclusion or 
partial reduction in caloric intake (i.e. chronic undernutrition) 
upon the lipid constituents of dog blood, namely cholesterol, 
phospholipids, and total fatty acids, as measured by oxidative 
procedures. 

EXPERIMENTAL 

Twenty-five adult dogs were employed in the present study, tlie 
data of eight of which are recorded here. Before fasting or reduc- 
tion in the caloric intake, each animal received a diet adequate in 
calories, proteins, vitamins, and salts. They were fed twice daily 
(at 8.0*0 a.m. and 4.00 p.m.) a mixture of meat and sucrose. Vita- 
mins A and D were supplied as cod liver oiP and the B complex in 
the form of a concentrate prepared from rice bran.® Each ani- 
mal also received daily Gowgill’s salt mixture (9) along with the 
meat and sucrose fed at 4.00 p.m. 

Following this control period the animals either were fasted or 
had their caloric intake severely reduced. This consisted in a 
complete or partial elimination of the meat and sucrose constitu- 
ents of the diet; the feeding of vitamin supplements and salts was 
not interfered with. The daily administration of cod liver oil, 
rice bran concentrate, and salt mixture in amounts recorded in Ta- 
bles I and II was maintained throughout the period of partial 
or complete fasting. 

Whole blood was used for lipid analyses. In animals that were 
fed, blood was taken just before the morning meal. Thus at the 
time blood was sampled, all dogs were in the postabsorptive state, 
having ingested their last meal 16 hours before the removal of 
blood. In the case of animals subjected to fasting, blood samples 
were removed between 8,00 and 9.00 a.m. 

1 The standardized cod liver oil was generously furnished by Mead 
Johnson and Company. 

* The vitamin B concentrate was kindly furnished by Vitab Products, 
Inc., Emeryville, California. 
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Microoxidative procedures vrere employed for lipid determina- 
tion. These have been described elsewhere (10). 

Chronic TJndemulriiion 

The blood lipid changes associated with weight loss produced 
by reduction in the caloric intake are shown in Table I. In the 
seven dogs investigated (only three of which are recorded here) 
obsen''ations were extended over a period of 20 to 23 weeks, during 
which blood was removed for analyses at various inten'als. In 
all cases the caloric intake during the control period was sufficient 
to maintain the initial weight of the dog. To induce chronic 
undemutrition, the caloric intake of all dogs was finally cut to 
25 gm. of lean meat twice daily. This treatment produced severe 
losses in weight. At the end of the 20 to 23 weeks of observation, 
four of the animals (Dogs N-7, N-9, N-21, and N-22) had lost 
50 per cent or more of their body weight, whereas in the remainder 
(Dogs N-19, N-20, and N-8) losses of 41, 34, and 17 per cent had 
occurred. 

Total Lipid — A significant drop in the level of total lipids 
occurred, but the extent of the drop varied in the seven dogs. 
The most pronounced change was observed in Dog N-19. Values 
for total lipid taken at 2 and 4.5 weeks after this dog was placed 
on the control diet were respectively 731 and 708 mg. per 100 cc. 
of whole blood, whereas 16.5 weeks after recei'vdng a diet of only 
50 gm. of lean meat daily along with a salt mixture and vitamin 
supplements the level of total lipid in the blood had fallen to 
488 mg. At the same time the animal’s weight fell from 16.3 to 
9.6 kilos, a loss of approximately 40 per cent. Striking reductions 
in the concentration of total lipids were also found in Dogs N-20, 
N-22, N-7 , N-8, and N-9. Despite the loss of 50 per cent of body 
weight, total lipids in Dog N-21 fell from 631-582 mg. to 506 mg. 

Cholesterol — In six of the seven dogs examined, total cholesterol 
fell as a result of chronic undemutrition. Although the values 
found at the end were lower than those observed during the control 
period, the onset of the change was gradual in most cases, severe 
decreases not being apparent till several weeks after chronic 
undemutrition had been maintained. The irregularity in these 
changes is shown by the fact that in Dog N-9 a significant drop 
m cholesterol first appeared in 16.4 weeks, while in Dog N-19 a 
decrease had occiirred during the first few weeks after severe 
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Table I 

Effects of Chronic Undernulrition upon Whole Blood Lipids 


Period of observation 

Weight 

Total 

choles- 

terol 

Total 

fatty 

acids 

Phos- 

pho- 

lipid 

Tots) 

lipid 

Total 

time 

Control 

Undernutrition 

Time 

Diet* 

Time 

Diet* 

Meat 

Su- 

crose 

Meat 

Su- 

crose 




■ 


M 



mg. 

mg. 

mg. 

mg. 

wka. 

wka. 

gm. 

TmM 


RSI 

ffm. 

fcff. 

per 

per 

per 










100 ce. 

100 cc. 

100 cc. 

iMtt. 

4 

4 

143 

28 




9.5 

182 

372 

344 

554 

7 




3 

35 

m 

9.2 

133 

352 

292 

485 

9 




5 

35 

m 

8.7 

127 

260 

255 

387 

10 




6 

25 


8.7 

128 

324 

288 

452 

11.7 




7.7 

25 


7.4 

125 

337 

308 

462 

13.7 




9.7 

25 


7.1 

132 

306 

308 

438 

16.6 




12.6 

25 


6.4 

128 

324 

288 

452 

20.1 




16.lt 

25 


5.1 

134 

320 

286 

454 

22.6 




18.6t 

25 


4.5 

130 

240 

225 

370 


2 

215 

42 




15.5 

233 

498 

438 

731 


4.5 

215 

42 




16.3 

231 

477 

402 

70S 





1 

25 



168 

432 

360 

600 





2 

25 


14.5 

144 

392 

348 

536 

8 




3.5 

25 


SSI 

162 

334 

335 

496 

9 




4.5 

25 


m 

154 

395 

312 

549 

11.5 




7 

25 


13.3 

146 

412 

330 

558 

15.5 




11 

25 


11.5 

150 

362 

349 

512 

18.5 




m 

25 


11.3 

160 

386 

356 

546 

21 




16. 5t 

25 


9.6 

150 

338 

301 

488 

3 

3 

175 

36 




1 

145 

388 

348 

533 

4 

4 

175 

36 




1 hH 

158 

390 

360 

548 

4.5 

4.5 

175 

36 




[ 39 

154 

373 

365 

527 

5 5 




1 

25 


9.8 

120 

326 

304 

446 

6 5 




2 

25 


9.4 

128 

359 

304 

487 

s 




3.6 

25 


8.7 

154 

330 

308 

484 

g 




4.5 

25 


8.4 

147 

388 

351 

535 

11 5 




7 

25 


7.5 

135 

393 

295 

5*28 

15 5 




11 

25 


6.8 

138 

352 

347 

490 

18 5 




14t 

25 



138 

337 

325 

475 

21 




17t 

25 


5.2 


244 

221 

344 


Dog No. 


N-7, 9 


N-19, 9 


N-22, 9 


* The amounts recorded were fed twice daily at 8.00 a.m 
p.m. In addition each animal received daily both during 
period and period of undernutrition 3 cc. of eod liver oil, 5 cc 
concentrate, and 2 gm. of Cowgill’s salt mixture, 
t Weak and emaciated, 
j Thin but active. 


and at 4.00 
the control 
of rice bran 
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caloric reduction had been instituted. In Dog N-20 changes in 
cholesterol were apparent as early as the 2nd week. 

PhosphoU-pids— Prolonged chronic undemutrition produced a 
fall in the level of the phospholipids in the blood, but alterations 
were not regularly observed during the first several weeks after 
pnimnls vere placed on the lowered caloric intake. In Dogs N-21 
and N-22 there was a tendency for this lipid constituent to remain 
close to the control level for as long as 11 to 14 weeks, even though 
marked reductions m weight had occurred. In Dog N-20 no fall 
in phospholipids was found throughout the 16.5 weeks of observa- 
tion. In two dogs, Nos. N-7 and N-9, severe reductions in the 
phospholipid level of the blood occurred at the end of the period 
of observation. 

Total Fatty Acids — ^Prolonged chronic undemutrition produced 
a fall in total fatty acids of the blood, but the extent of the decrease 
varied considerably in the seven dogs. The end-results were in aU 
cases lower than the control values, which were taken at a time 
when the dogs were maintained upon an adequate caloric intake. 
Thus at intervals of 16.5 to 18.6 weeks after chronic undemutrition 
had been instituted, the values fovmd for total fatty acids were 
240, 336, 192, 338, 411, 366, and 244 mg. as compared vith control 
values of 372, 482, 349, 498, 492, 453, and 388 mg. respectively. 
The fall in the concentration of total fatty acids was not always an 
early effect, and even in Dogs N-7 and N-9, in which the very low 
values of 240 and 192 mg. were found, the level of this lipid con- 
stituent' was not markedly decreased for many weeks after the 
caloric intake had been severely curtailed. 

Fasting 

Typical changes in whole blood lipids produced by fasting are 
shown in Table II and Figs. 1 and 2. Eighteen dogs in all were 
studied but the results of five are recorded here. After a suitable 
control period, in which lipid levels were determined while the 
dogs were in the normal nutritional state, they were fasted for 
periods var^g from 4 to 30 days. Fasting was restricted to the 
complete withdrawal of meat and sucrose from the diet; salts and 
vitamin concentrates were furnished daily during the entire period 
of observation. 

Cholesterol— Pa^mg for 4 to 9 days failed to produce significant 
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Table II 


Effect of Fasting upon Whole Blood Lipids 



Period of observation 








Dog No. 


Control 



Total 

Total 

fatty 

acids 

Phos- 

pho- 

lipid 

Total 

iipid 

Total 

timo 

Time 

Diet* 



choles- 

terol 


Meat 

Su. 

crose 










days 

days 

gm. 


days 

ky. 


mg. per 
100 cc. 

mg. per 
100 cc. 

mj. p<r 

lOOtc. 

N-31, o' 

0 

0 




10.6 

156 

340 

300 

496 


7 

7 




10.8 

161 

338 

308 

499 


9 




2 

10.5 

138 

360 

315 

49S 


10 




3 

10.3 

138 

400 

337 

53S 


14 




7 

9.7 

111 

370 

293 

481 


16 




9 

9.6 

144 

324 

278 

46S 

N-To, cf 

5 

5 


40 


12.2 

159 

413 

340 

572 


6 

6 

■Kll 

40 


14.4 

151 

386 

330 

537 


7 




1 

14.2 

136 

333 

257 

469 


8 




2 

13.8 

140 

358 

294 

498 


9 




3 

13.6 

125 

361 

271 

48G 


11 




5 

13.4 

138 

349 

304 

487 


13 




8 

12.6 

125 

328 

355 

453 


20 




14 

12.0 

154 

391 

363 

545 


27 




21 

11.0 

162 

398 

371 

560 

N-No, 9 

6 

6 

175 

25 


14.8 

159 

371 

339, 

530 


10 

10 

175 

25 


14.9 

154 

356 

361 

510 


12 

12 

175 

25 


14.9 

161 

362 

346 

523 


13 




1 

14.7 

159 

342 

345 

SOI 


14 




2 

14.5 

152 

326 


478 


15 




3 

14.4 

147 

296 

340 

443 


17 




5 

14.3 

149 

358 

345 

507 


20 




8 

13.8 

145 

316 

348 

461 


24 




12 

12.9 

137 

347 

363 

484 


30 




18 

11.8 


323 

354 

468 


* The amounts recorded were fed twice daily at 8.00 a.m. and at 4.00 
p.m. In addition, all dogs received once daily 3 cc. of cod liver oil, 5 cc, 
of rice bran extract, and 2 gm. of Cowgill’s salt mixture. 

I During fasting all dogs received once daily 3 cc. of cod liver oil, 5 cc. 
of rice bran extract, and 2 gm. of Cowgill's salt mixture. 


changes in the level of blood cholesterol. The level did not always 
remain constant in the blood during the period of observation, 
but when fluctuations occurred during fasting they did not differ 
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significantly from those noted during control periods in which 
the animals received adequate diets. 

Even in more prolonged fasts (18 to 21 days) it is striking to 
find the levels of cholesterol maintained with little change through 
the entire period. Thus in Dog N-No, the concentration of 
cholesterol at the end of an 18 day fast was 145 mg. as compared 
with values of 154 to 161 mg. found just before the start of the 
fast. Similar results were obtained in Dog N-To, which was 
observed during a fast of 21 days while it lost 23 per cent of its 
body weight. 

Phospholipids— Tio^ N-31, N-To, and N-No were fasted for 9, 
21, and 18 days respectively, and the values found for phospho- 
lipids at the end of the fasting period were close to those obsenmd 
during the control period. In the other dogs that underwent a 
short fast, the end-values, taken at 4, 6, and 9 days after fasting 
was instituted, were only slightly below those of the control period. 

Total Fatly Acids — ^No change in the level of total fatty acids 
was produced in Dog N-31 by a short fast of 9 days. In Dogs 
N-To and N-No slight changes apparently occurred as early as 
8 days, but in Dog N-35 a loss of over 100 mg. was observed 6 
days after complete fasting was begun. 

Oiservatians on Repeated Fasts in Same Animal. Cholesterol — 
The experimental procedures employed for Dogs N-PB and N-ST 
(hffered from those employed for the dogs shown in Table II, in 
that the former were observed during periods of fast that were 
alternated with periods in which they received maintenance diets. 
Thus blood lipid examinations were made during periods of weight 
loss and periods of weight gain. Just before the start of the fast 
the blood of Dog N-PB contained 156 mg. of cholesterol (A, Fig. 1), 
whereas 30 days later, after a period during which the animal 
received no calories other than those contained in the small 
amounts of \itamin concentrates administered, the cholesterol had 
fallen to a value of 130 mg. per 100 cc. of whole blood (B, Fig. 1). 
During the next 26 days (BC) this dog was fed 250 gm. of lean 
meat and 25 gm. of sucrose (the maintenance diet) twice daily, 
and this led to a gain of 1.6 kilos in weight. At the end of the 
26 days cholesterol was present to the extent of 151 mg. (C, Fig. 1). 
The blood lipids of this animal were next examined after a 10 day 
fast {CD) and then after a 9 day feeding period, and the values 
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Fig. 1. The response of the blood lipids of Dog N-PB to repeated fasting. 
During the intervals AB and CD the animal was 'fasted; it was fed at the 
other intervals. When fed, this animal received 250 gm. of lean meat and 
25 gm. of sucrose twice daily in addition to a salt mixture and vitamin 
concentrates. This dog weighed 20.9 kilos at 0 day, 22 kilos at A, 15.9 
kilos at B, 17.5 kilos at C, 15.6 kilos at D, and 16.4 kilos at the end of the 
period of observation. O total lipid, T total fatty acid, V phospholipid. 
• total cholesterol. 



Fig. 2. The response of the blood lipids of Dog N-ST to repeated fasting. 
During the intervals AB and after C the animal was fasted; it was fed at 
the other intervals. During feeding and fasting periods this aninial re- 
ceived the same treatment as Dog N-PB. This dog weighed 13.9 kilos at 
0 day, 14 kilos at A, 9.9 kilos at B, 11.5 kilos at C, and 10 kilos at the end. 
The symbols have the same meaning as for Fig. 1. 
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found at the end of each of these periods again point to the relative 
stabihty in the level of cholesterol in the blood. 

In Dog N-ST cholesterol determinations for four periods are 
recorded in Fig. 2. The values found during the control period 
that preceded the first fast were 159 and 161 mg. for cholesterol. 
During the fasting period that lasted for 25 days {AB) the blood 
was examined on seven occasions, and the values fluctuated 
between 145 and 161 mg. per 100 cc. of whole blood. During the 
next two periods, namely one in which the animal received for 
26 days the maintenance diet (BC) and the other in which the 
gyiimnl fasted for 10 days (following C), the levels of cholesterol 
were maintained at values similar to those recorded above. 

Phospholipid — ^The level of phospholipid in the blood was well 
maintained despite the fact that fasting continued for as long as 
30 days. The absence of any striking change in the phospholipid 
content of the blood as a result of fastmg is best shown in Dogs 
N-PB and N-ST. In the former the initial control values were 
380 and 371 mg. During a 30 day fast {AB, Fig. 1) the values 
fluctuated between 312 and 344 mg. At the end of a 26 day 
feeding period (BC), in which this animal was fed the same diet 
that it had received during the initial control period, the phospho- 
lipid content of the blood was 375 mg. A 10 day fast was then 
instituted and the phospholipid level was 328 mg. Essentially 
the same changes were observed in Dog N-ST. A 25 day fast 
led to but little change m the phospholipid content of the blood, 
and the observations made during a subsequent feeding period 
also failed to show any sigiuficant deviations in the level of blood 
phospholipids. 

Fatly Acids— The maintenance of the level of total fatty acids 
with little change during fasting is clearly brought out, however, 
by Dogs N-PB and N-ST. In these the fatty acid values obtained 
during a control and fasting period may be compared with those 
obtained during subsequent feeding and fasting periods. The 
initial control values in Dog N-PB were 369 and 376 mg.; the 
values obtained during the first fast, which lasted for 30 days, 
fluctuated between 303 and 336 mg.; at the end of the 26 day 
feeding period this was 331 mg., and after the subsequent fasting 
period 330 mg. A similar tendency to resist change in total 
fatty acids is shown by Dog N-BT. The initial control values 
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were 349 and 359 mg.; seven values obtained during a 25 day fast 
fluctuated between 319 and 388 mg.; three values obtained during 
a subsequent period of 26 days in which the control diet was again 
administered were between 372 and 395 mg. 

niscussiON 

The results obtained in the present investigation clearly estab- 
lish that a Ivpemia does not occur in the dog during fasting or 
during chronic undernutrition produced by severe reduction in 
the caloric intake. Numerous observations on animals fasted for 
4 to 30 days failed to show a significant rise either early or late in 
any of the lipid constituents measured; namely, cholesterol, phos- 
pholipids, and total fatty acids. Numerous observations made 
during a state of chronic undernutrition that extended over several 
months and resulted in loss of as much as 50 per cent in body 
weight also failed to show a significant increase either early or late 
in the concentration of total fatty acids, cholesterol, or phospho- 
lipids in the blood. These results therefore fail to confirm the 
claims that a lipemia occurs in fasting. 

Acute fasting in which all dietary constituents wth the excep- 
tion of salts and vitamin concentrates were withdrawn failed to 
produce much change in the concentration of total fatty acids, 
cholesterol, or phospholipid in the blood. The ability of the 
organism to maintain the level of these lipid constituents so near 
to the control level while such nutritional conditions were per- 
mitted to last for as long as 30 days is indeed worthy of note. 

Chronic undernutrition, produced by limiting the intake of lean 
meat and carbohydrates (but not vitamins and salts) and extend- 
ing over periods of about 5 months, resulted in more striking 
effects upon the level of the blood lipids than acute fasting that 
lasted for. about 30 days or less. With few exceptions the con- 
centration of cholesterol, phospholipid, and fatty acids was lowered 
at the end of an extended period of undernutrition. In a few 
cases the reduction in total fatty acids was quite severe. The 
loss in weight during such periods of chronic undernutrition was 
far greater than that observed during acute fasting, and it is by 
no means unlikely that the greater loss in weight may explain the 
more pronounced effects of chronic undernutrition. In no cases 
did acute fasting for periods of 18 to 30 days produce losses of more 
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tVinn 30 per cent in body -weight, whereas in chronic undemutrition 
as carried out in the present investigation losses in body weight as 
great as 50 per cent were not uncommonly observed. 

SUMMARY 

1. The changes that occur in the blood levels of total cholesterol, 
total fatty acid, and phospholipids were investigated (1) during 
acute fasting in wtuch all dietary constituents -with the exception 
of salts and ^’itamins were -withheld for periods of 4 to 30 daj's, 
and (2) during chronic undemutrition produced by severe reduc- 
tion in the caloric intake for periods of 16 to 18 weeks. 

2. No lipemia or rise in the levels of total cholesterol, total 
fatty acids, and phospholipids was observed during acute fasting 
or chronic undemutrition. 

3. Striking changes in the levels of total cholesterol, phospho- 
lipids, and total fatty acids in the blood were not observed during 
acute fasting that lasted for as long as 30 days. 

4. Undemutrition prolonged until severe loss in weight occurs 
leads to a fall in the levels of cholesterol, fatty acids, and phospho- 
lipids in the blood. 
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THE RATE OF TURNOVER OF PHOSPHOLIPIDS IN 
KIDNEY AND LIVER 
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Within the past few years three new and quite distinct methods 
have been used for the study of the rate of turnover of the phos- 
pholipids in animal tissues. In one elaidic acid, the trans isomer 
of oleic acid is employed (1), in another deuteriumated fatty acids 
are employed (2), and in the third radioactive phosphorus is 
used (3-6). All three methods are based on the same principle. 
One of the buildiag stones of the phospholipid molecule is labeled 
so as to make it distinguishable from those normally present 
in the body; this labeled constituent is fed and the rate at which it 
becomes incorporated into the phospholipids in an organ is taken 
as a measure of their rate of turnover. Strictly speaking elaidic 
acid and deuteriumated fatty acids can serve only as a means of 
measuring the rate of exchange of the fatty acids, while radio- 
active phosphorus, on the other hand, can ser^m only as a means 
of measuring the exchange of the phosphoric acid in the tissue 
phospholipids. 

Now it is obvious that the exchange of the various constituents of 
the phospholipid molecule need not proceed at the same rate. 
AVhen reduced to its simplest terms, the turnover of phospholipid 
in any given organ can be regarded as being due to one or both 
of two fundamentally different chemical processes. On the one 
hand, it is possible to conceive of the phospholipids as being in a 
state of dynamic equilibrium with each of the constituents of the 
molecule. The rate of exchange of each constituent would depend 
upon the rate of hydrolysis of each of the linkages in the phospho- 
lipid molecule. If these rates of hydrolysis should be markedly 
different, so too the rates of exchange would be different. On 
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the other hand, the phospholipids in the tissue cells may conceiv 
ably undergo an irreversible degradation; as by oxidation. Since 
the amount of phospholipid present is known to remain substan- 
tially constant, the degraded phospholipid must be continually 
replaced. This replacement might be due either to synthesis 
within each individual cell, or to diffusion of phospholipid from 
the blood stream. In either ease the rate of appearance of new 
phospholipid would be proportional to the rate of degradation, 
and the rates of exchange of all the constituents of the phospho- 
lipid molecule would be the same. 

In estimating the rates of turnover of the phospholipids or of 
any other tissue constituent by means of labeled molecules, it is 
obvious that the apparent rate of turnover will be a function, 
not only of the real rate, but also of the relative concentrations 
of labeled and non-labeled molecules. It is only when and if the 
relative concentrations remain constant over a reasonable period 
of time that the apparent and real rates of turnover are identical. 
Furthermore, a comparison of the rate of breakdown and replace- 
ment of the phospholipids in one organ with that in another, on 
the basis of the apparent rates of turnover, is valid only if the 
relative concentration of labeled and non-labeled molecules is the 
same in all cases. 

The ultimate purpose of the study of the turnover of the phos- 
pholipids is to disclose their functions in the animal body. From 
what has been said, it is very evident that it would be of con- 
siderable importance to know the comparative rates of exchange 
of all the constituents of the tissue phospholipids. 

Thus far the most extensive studies have been made with 
elaidic acid and with radioactive phosphorus. The results ob- 
tained by these two methods are, in some respects, in quite good 
agreement. Thus both show clearly that in the intestinal wall 
(3, 5-8), in the liver (1, 3, 5, 6), and in the blood plasma (9, 10), 
the phospholipids, taken as a Avhole, have a rapid turnover. 

In the case of other organs, the rate of exchange of the phos- 
phoric acid appears to be very definitely more rapid than that of 
the fatty acids. For instance, in the carcass of the rat the ex- 
change of phosphoric acid is about two-thirds complete within 1 
day (5). The uptake of elaidic acid in rat skeletal muscle, on the 
other hand, is only about one-half complete in 4 days (1). The 
most striking difference seemed to be in the kidney. 
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In the course of work done some years ago on the rate of turnover 
of the phospholipids of intestinal mucosa and blood of cats (7, 9), 
some analyses were also carried out on the livers, kidneys, and 
hearts. The data obtained are given in Table I. It is e^^dent 
that in all three organs the iodine number of the solid fatty acids 
increased above the level found in the controls, even as early as 
the 8th hour after feeding elaidin. Elaidic acid had therefore 
entered into the phospholipids of these organs. However, ex- 
cept in the case of the liver, further uptake of elaidic acid on 
continued feeding of elaidin was rather slight. And even in the 
liver the maximum level of elaidic acid was not reached after 5 


Table I 


Elaidic Acid in Phospholipid Pally Acids in Tarious Organs of the Cal 


Absorption time 

Liver 

Kidney 

Heart 

Solid 

adds 

INo. 

EUidic 

add 

Solid 

adds 

INo. 

Elaidic 

acid 

Solid 

acids 

INo. 

Elaidic 

acid 


per cent 


per cent 

per cent 


per cent 

per cent 


per cent 

Control 

41.5 

10.6 

4.9 

36.3 

9.7 

3.9 

26.9 

8.1 

2.4 

tt 

41.7 

9.0 

4.2 

35.0 

11.9 

4.6 

28.1 

9.2 

2.9 

« 

41.9 

11.8 

5.5 

36.8 

9.2 

3.8 

29.9 

12.3 

4.1 

M 

38.4 

8.8 

3.8 

38.5 

8.9 

3.8 

26.0 

15.3 

4.4 

11 

41.4 

11.0 

5.1 

36.2 

8.1 

3.3 

27.7 

9.4 

2.9 

8 hrs. 

40.0 

19.6 

8.7 

39.2 

15.6 

6.8 

28.8 

24.0 

7.7 

18 “ 

41.5 

22.4 

10.4 

37.8 

16.4 

6.9 

24.2 

14.9 

4.0 

48 “ 

44.0 

41.4 

20.2 

41.6 

19.8 

9.2 

26.7 

21.3 

6.3 

120 " 

44.2 

35.5 

17.5 

40.2 

19.5 

8.7 

24.4 

21.6 

5.9 

2 wks. 

46.8 

59.4 

30.8 








days. In rats, on the other hand, it had been found that the 
maximum level of elaidic acid, indicating complete turnover, 
is reached in 1 or 2 days (1). Accordingly it was realized that the 
apparently slow turnover of phospholipids in the kidneys and 
heart-of the cat may have been due, in part at least, to the failure 
to maintain a sufficiently high and sustained absorption of elaidic 
acid over the entire experimental period. Eurther work had been 
planned. 

Meanwhile Artom and coworkeis (3) and Perlman, Ruben, 
and Chaikoff (5) had presented evidence to show that the phos- 
pholipids in the kidneys of the rat have a high rate of turnover as 
measured by radioactive phosphorus. In view of the very ob- 
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vious importance which would be attached to an instance in which 
the rate of exchange of the phosphoric acid was quite definitely 
different from that of the fatty acids in the phospholipids, it was 
decided to determine the rate of exchange of the phospholipid fatty 
acids of rat kidney by means of elaidic acid. The results of that 
study have clearly shown that the fatty acids in kidney phospho- 
lipid undergo a turnover which is of a lower order than do those 
of the liver and intestinal mucosa. Furthermore the rate of 
turnover of the fatty acids seems to be much slower than that of 
the phosphoric acid in the kidney phospholipids, 

EXPERIMENTAL 

When elaidic acid is used as a means of measuring the rate of 
turnover of tissue phospholipids, it has seemed best that the in- 
take of elaidic acid be continuously maintained at a sufficiently 
high level so that mobilization of previously stored fat would be 
inhibited and fat metabolism would be borne entirely by the 
inflowing food fat. Otherwise the mobilization and metabolism 
of non-labeled fatty acids will lower the uptake of labeled fatty 
acids, in this case elaidic acid. To this end, the rats used for the 
following experiments were fed melted elaidin at frequent in- 
tervals throughout the day and in addition were offered a diet 
containing a high percentage of elaidin (Diet 290 (11)). The 
amount of melted elaidin given was calculated to be about the 
maximum amount that would be absorbed. Actually some of the 
rats showed evidence of increased excretion of fat in the feces, in- 
dicating that the intake was probably in excess of the capacity of 
the small intestine to absorb elaidin. 

Four separate experiments were carried out. Adult male rats 
of approximately the same weight and age were selected for each 
experiment. One group of rats weighed about 150 gm.; the other 
three groups weighed about 300 to 350 gm. Three of the groups 
were fed the melted elaidin dropwse. In spite of some slobbering 
of the fat, especially at first, this procedure was found to be pref- 
erable to the use of the stomach tube, which was used in one 
group. Many of the animals, even from the start, lapped down 
the melted fat as rapidly as it was administered. In the last 
two groups, about 1 to 1,5 gm. of elaidin was given to each rat 
every 4 hours over periods of 1, 2, 3, or 4 days. 
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At the end of each day, two rats were killed. The kidneys were 
pooled, weighed, ground with sand, and rinsed into a flask with 
95 per cent ethyl alcohol. In some cases the pooled livers were 
also used. The total lipids were extracted and separated into 
acetone-soluble and acetone-insoluble fractions, MgCh being used 
to aid precipitation. The acetone-insoluble lipids were saponified 
in a centrifuge tube, with 0.2 cc. of saturated KOH dissolved in 
6 cc. of 50 per cent ethyl alcohol. During saponification the 
alcohol evaporated down to about 2 cc. Water was added to 
bring the volume up to 3 cc. After | hour’s saponification (car- 
ried out in a gentle stream of N»), 25 per cent HjSO^ was added 
and the fatty acids were extracted with peroxide-free ethyl ether. 
The combined ether extracts were evaporated to dryness, under 
a stream of Nj, and the residue was finally dried over HjSOi in 
a vacuum desiccator. The solid residue was then extracted with 
hot acetone and centrifuged. The clear acetone solution of the 
fatty acids was evaporated to dryness under Nj; the flask was 
cooled in the vacuiun desiccator and then weighed. 

To separate the fatty acids into solids and liquids, they were 
dissolved in 95 per cent ethyl alcohol in a 15 cc. centrifuge tube, 
boiled, and brought to a volume of about 6 cc., 0.6 mg. of lead 
acetate in alcohol for every mg. of fatty acid was added, and the 
alcohol was centrifuged hot to remove the slight precipitate 
which formed. The volume of alcohol was adjusted so that the 
fatty acid concentration was always 10 mg. per cc. The tube 
was then put away at 15-16° for at least 4 hours. The insoluble 
lead soaps were centrifuged out, redissolved in six-tenths of the 
original volume of alcohol, and again set away at 15-16°. The 
insoluble soaps were stirred up with 5 per cent HCl and the fatty 
acids were extracted thoroughly with ether. This ether solution 
was washed with water and transferred to a weighed, glass-stop- 
pered 125 cc. flask. The ether was evaporated under N-. The 
alcohol solution of the soluble lead soaps was evaporated under 
Ni until just barely dry. Then 5 per cent HCl and ether were 
added and the flask shaken repeatedly. The contents of the 
flask were transferred to a 15 cc. centrifuge tube and centrifuged. 
The clear or very slightly milky ether solution was aspirated 
into a stoppered centrifuge tube and shaken up with water. On 
centrifuging, the clear ether solution separated sharply. This 
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was aspirated into a weighed 125 cc. glass-stoppered flask and 
evaporated under N 2 . After evaporation of the ether, the flasks 
containing the solid and liquid fatty acids were cooled in a vacuum 
desiccator and then weighed. The iodine numbers of the fatty 
acids were then determined immediately by the Rosenmund- 
Kuhnhenn method (12). The eJaidic acid content was calculated 
from the iodine number and percentage of solid acids (1). 

Results and Comments 

The data obtained from the study of the turnover of the phos- 
pholipids in rat kidneys are given in Table II. It will be observed 
(Column 4) that there is no indication of any change in the amount 
of phospholipid in the kidney as a result of the continuous inges- 
tion and metabolism of large amounts of elaidin. On the other 
hand, the iodine numbers of the solid acids (Column 6) and the 
calculated percentage of elaidic acid in the phospholipid fatty 
acids (Column 8) clearly show that there is a progressive exchange 
of the fatty acids in the kidney phospholipids. However, if the 
percentages of elaidic acid after 3 days are compared with those 
found in rats which have been fed elaidin throughout their life- 
time, it is equally clear that the rate of turnover is such that it 
reaches completion only after several days. By extrapolation 
of the rough curve which may be fitted to the data given in Table 
II, it may be estimated that the turnover in the kidney will be 
about 90 per cent complete at the end of a Aveek. 

The data in Column 5 (Table II) shoAv that there is no clear 
cut change in the percentage of solid acids coincident Avith the 
incorporation of elaidic acid into the phospholipids of the kidney. 
It is true that the values seem to be someAvhat higher in the rats 
fed elaidic acid than in the controls. This applies especially 
to those rats fed elaidin over a long period of time. Possibly a 
greater number of data would shoAv that the differences are really 
significant. NeAmrtheless it is quite clear that most of the elaidic 
acid that is built into the phospholipids of the kidney takes the 
place of the fully saturated fatty acids. There is no evidence 
of any consistent change in the iodine numbers of the unsaturated 
fatty acids as the percentage of elaidic acid increases. 

In Table III are presented some data shoAving the rate of in- 
ci'ease in the elaidic acid content of the livers of rats. Those in 
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Group Arvere secured on a group of rats whicli were given melted 
elaidin by mouth eveiy 6 hours over periods ranging from 12 to 
26 hours. The rats in Group III are the same as those used for 
the study of the rate of turnover of kidney phospholipid. 


Table II 


Turnover of Kidney Phospolipid in Rats 


1 


Time 


Per 

I No. 



Remarks 

phospbo* j 
ipid fatty 
acids 





Group No. 

on 1 
elaidin ’ 

solid 

acids 

Solid 

acids 


mm 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 


1^1 



dayi 

p«* cent 




per cent 

Controls 

Purina Fox Chow 


1.87 

33.8 

6.5 


2.4 


diet 


1.93 

35.7 

7.4 

218 

3.0 

I 

Fed melted elaidin 

1 

2.00 

33.7 

19.7 

202 

7.4 


dropwiseatOa.m. 

1 

2.00 

35.0 

22.2 

207 

8.6 


andl, 5, and9p.m. 

, 2 

1.98 

39.3 

35.6 

220 

15.5 



2 

1.95 

39.7 

37.3 

218 

16.5 

II 

Slightly anesthetized 

1 

1.93 

35.5 

19.2 

213 

7.4 


with ether; fed 

2 

1.91 

36.3 

29.0 

211 

11.5 


1.5-2.5 cc. melted 
elaidin at 8 hr. 
intervals 

3 

1.94 

37.8 

32.2 

206 

13.5 

III 

Fed 0. 9-1.1 gm. 

1 

1.99 

36.1 

26.7 

204 

10.7 


melted elaidin 

2 

1.96 

37.4 

33.3 

210 

13.8 


dropwise every 4 
hrs. 

3 

1.82 

38.1 

39.0 


16.5 

IV 

Fed 1-1.5 gm. melted 

1 

1.91 

36.5 

25.1 

223 

10.2 


elaidin dropwise 

2 

1.82 

38.1 

33.2 

218 

14.1 


every 4 hrs. 

3 

1.87 

39.5 

35.7 

221 

15.7 



4 

1.97 

38.8 

36.3 

223 

15.7 


Fed Diet 290-C, higb 

1 

1.93 

41.0 

57.6 

204 

26.3 


in elaidin (11) frort 

1 

1.87 

42.0 

57.9 

211 

27.0 


weaning age for at 


1.88 

41.7 

38.6 

214 

27.2 


least 10 wks. 


1.87 

38.4 

53.0 

199 

22.6 


On comparing the percentages of elaidic acid in the liver phos- 
pholipids of Groups A and III with those found in rats which 
had been raised on a high elaidin diet, one will see at once that as 
early as 18 hours after the first dose of elaidin, maximal values 
are reached. Unfortunately there is a rather large variation 
from one animal to another, even in those which had been on a 
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standard diet for many weeks.* In spite of this variation, the 
results in Table III bear out the earlier observation (1) that the 
turnover of liver phospholipid, as measured by the elaidic acid 
method, is substantially complete within 1 day. Certainly the 
contrast in the rates of turnover of liver and kidney phospholipid 
is very striking. 


Table III 


Turnover of Liver Phospholipid in Bats 


Group 

Bemarks 

Tiiae 

on 

elai- 

din 

Con- 
tent o[ 
phos- 
pho- 
lipid 
fatty 
acida 

Per cent of 
solid acida 

' 2 No. 

Elafdio 

acid 

Solid acids 

Liquid 

acids 



hr6. 

per cent 




per cent 

Con- 

Average of 8 a- 



37.0d=1.9 

G.9ekl.3 


2.8±Q.S 

trols 

nalyses given 








in Table 11(1) 







A 

Elaidin dropwise 

12 

2.84 

37.8 

28.2 

244 

11.9 


every 6 lirs. 

12 

2.67 

37.8 

45.1 


19.0 



18 

2.67 

34.8 

46.3 


17.9 



18 

2.71 

42.7 

53.9 


25.6 



18 

2.83 

41.3 

51.7 


23.7 



24 

2.59 

41.5 

44.9 


20.7 



26 


40.3 

38.8 

228 

17.4 



26 


42.3 

49.2 


23.1 

III 

Elaidin every 4 

24 

3.16 

43.0 

42.6 

252 

20.4 


hrs. 

48 

2,85 

39.8 

46.0 

251 

20.4 

' 


72 

2.63 

43.3 

47.2 

262 

22.8 


Fed high elaidin 


2.74 

43.9 

56.0 

225 

27.3 


Diet 290-0(11) 


2.60 

47.8 

60.5 

235 

32.1 


from weaning 


2.64 

43.9 

62.9 


25.8 


until at least 13 


2.74 

44.2 

52.9 


26.0 


wks. of age 


2.98 

41.4 

61.5 

240 

23.7 




2.80 

41.6 

50.3 

238 

23.3 


In the case of the liver there is a significant decrease in the 
percentage of liquid acids with the increase in the elaidic acid 
content. As there is no indication that a high percentage of 
solid acids coincides with an increased amount of phospholipid 

^ As duplicate analyses give reasonably consistent results, there seems to 
be no reason to suspect that the analytical procedure is responsible for tiic 
variation from one animal to another. 
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in the liver, the decrease in liquid acids must be due to partial 
replacement by elaidic acid. However, in the liver as in the 
kidney, most of the elaidic acid that is built into the phospholipids 
replaces fully saturated fatty acids. It can be calculated that 
when the elaidic acid has reached its apparent maximal percentage, 
the fully saturated fatty acids are reduced from 37 to 18 per cent 
and the vmsaturated acids from 63 to 56 per cent, on the average. 
At the present time there does not seem to be any purpose in 
fiui,her speculation (1, 7) about the mechanism underlying the 
replacement of the natural fatty acids by elaidic acid. The study 
of the problem is being continued. 

DISCUSSION 

The results of this investigation have clearly shown that, as 
measured by the elaidic acid method, the turnover of fatty acids 
in the phospholipids in the liver may be substantially complete 
within 1 day, while in the kidney it is only about 60 per cent 
complete in 3 days. This rate of exchange of the fatty acids is 
in sharp contrast to the apparent rate of exchange of the phos- 
phoric acid in the phospholipids of both organs (5). The peak 
in radioactive phosphorus content is reached in 5 to 10 hours in 
the case of the liver and in about 24 hours in the case of the kidney. 

It is obvious that in making a comparison of the rates of ex- 
change of the fatty acids and the phosphoric acid in the phos- 
pholipids it would be best to cany out the determinations on 
the same animals under exactly the same conditions. Indeed, 
the conditions in Perlman and coworker’s experiments (5) are 
so different from those in the present study that it may be doubtful 
that the results should be compared. However, the apparent 
rate of turnover of the fatty acids is so distinctly different from 
that of the phosphoric acid that it seems very unlikely that the 
two really proceed at the same rate and are always mutually 
dependent on one another. 

According to the hypothesis that the phospholipids act as 
intermediaries in fatty acid transport and catabolism, one must 
visualize a rapid turnover of the fatty acids in such metabolic 
phospholipids. For the purpose of testing that hypothesis, the 
direct methods of estimating fatty acid exchange, such as the 
elaidic acid method, would seem to be most suitable. In the 
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case of the intestinal mucosa, the liver, and the blood plasma 
the fatty acids in the phospholipids do undergo a rapid turnover. 
It has seemed best therefore to conclude that, in these organs 
phospholipids do act as intermediaries in fatty acid metabolism. 
On the other hand, the rate of turnover of the fatty acids in the 
phospholipids of the muscles (1) and, as the present results show, 
of the Iddneys as well is considerably slower than the assumed 
rate of fatty acid catabolism in these organs. If one is correct 
in assuming that fatty acids enter the muscles and kidneys, either 
free or combined, before combustion begins, and also that fatty 
acids serve as a predominant source of energy to these cells when 
the diet is rich in fat, then the slow turnover of phospholipid 
fatty acids in muscles and kidneys must be related, not to fatty 
acid catabolism, but to those rather indefinite reactions which 
are summed up under the term wear and tear. And if wmar and 
tear are responsible for the fatty acid exchange in kidney phos- 
pholipid, then it is easy to imagine why the rate of exchange of 
the phosphoric acid in the phospholipids can be quite different. 

At this time it perhaps should be pointed out that, although 
a rapid turnover of fatty acids in the phospholipids of an organ is 
certainly consistent with the hypothesis that phospholipids in 
that organ are acting as intermediaries in fat metabolism, it need 
not be regarded as proof that they do so. It is possible to imagine 
that the turnover of the fatty acids in the phospholipids of all 
the organs of the body is fundamentally due to the same process 
which goes on at different rates from one organ to another. 
Whether or not one wishes to attach a physiological function to 
the turnover of fatty acids or, as Weissberger has done (13), to 
that of phosphoric acid in the tissue phospholipids is mainly a 
matter of personal predilection. 

SUJIMARY 

The rate of turnover of the fatty acids in the phospholipids of 
rat kidneys, as measured by the elaidic acid method, has been 
found to be comparatively slow. After 3 days of continuous 
elaidin ingestion, the uptake of elaidic acid by kidney phospho- 
lipids is only about 60 per cent complete. It may be estimated 
that the turnover would be about 90 per cent complete at the 
end of 1 week. 
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The rate of tiimover of liver phospholipids, as in previous 
vrork, has been found to be qmte rapid. The maximal uptake of 
elaidic acid by liver phospholipids occurs as early as 18 hours 
after its ingestion. 

The interpretation of the rates of turnover of the various con- 
stituents of the phospholipid molecule is discussed. 
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THE RATE OF TURNOVER OF LECITHINS AND 
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The fact that the phospholipids in animal tissues consist of 
three distinct types of compounds, the lecithins, cephalins, 
and sphingomyelins, was established by the pioneer work of 
Thudichum (1). And yet, even to-day, except for the specific 
r61e that the cephalins play in the process of blood coagulation, 
nothing is known concerning the precise functions of each of 
these three types of phospholipids. 

When it became evident that the rate of turnover of the phos- 
pholipids in such organs as the liver, intestinal mucosa, and blood 
plasma (2, 3) is sufficiently rapid to make it probable that in 
these organs phospholipids act as intermediaries in fatty' acid 
transport and metabolism, whereas in other organs such as the 
muscles (2) the turnover is too slow, it was suggested that the 
phospholipids in the various organs of the body may be comprised 
of two functionally distinct types, the metabolic and non-metabolic 
phospholipids. The relative proportions of these two types 
were assumed to vary from one organ to another. Now, it was 
fully realized that if such a fimctional differentiation between 
phospholipids does hold, it must have a chemical basis. It was 
natural therefore to wonder whether it might be possible that 
the nature of the nitrogenous base, which is known to influence 
the physicochemical properties of the phospholipid molecule, also 
determines its role as an intermediary metabolite or as a structural 
component in the tissue cells. The chemical make-up of the 
sphingomyelins would seem to exclude them from consideration 
as metabolic phospholipids. 

* The results contained in this paper were presented before the American 
Society of Biological Chemists at Toronto, 1939. 
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From the beginning it had been found that the maximal per- 
centage of elaidic acid in the phospholipids, except in the case 
of the intestinal mucosa, was about 35 per cent, even though 
the elaidin which was fed contained about 85 per cent of elaidic 
acid. It was thought therefore that the composition of the non- 
metabolic component of the liver phospholipids might be more or 
less fixed and that the whole of the elaidic acid would be found 
in the metabolic component. And since, for a number of reasons, 
it had been concluded that the lecithins, rather than the cephalins, 
were more likely to be metabolic in function, it was hoped that 
all of the elaidic acid in the liver phospholipids would be found 
in the lecithins. An experiment showed, however, that the 
elaidic acid content of the alcohol-soluble fraction of the phos- 
pholipids was almost the same as that of the alcohol-insoluble 
fraction. Nevertheless it was decided to continue with the in- 
vestigation and especially to concentrate on the determination 
of the comparative rates of increase in elaidic acid in the lecithin 
and cephalin fractions of the liver phospholipids. Despite its 
shortcomings, it was necessary to depend upon the relative in- 
solubility of cephalins and the solubility of lecithins in cold ab- 
solute alcohol as a means of fractionation. 

EXPERIMENTAL 

Rats weighing 200 to 300 gm. were fed melted elaidin dropwise 
every 6 hours for periods ranging from 12 to 48 hours. In addition 
they were offered a diet rich in elaidin (Diet 290 (4)). After the 
allotted time, the animals were killed and the livers were extracted 
to remove the lipids. The ether-soluble lipids were separated 
into acetone-soluble and acetone-insoluble fractions according 
to the standard procedure (2). The insoluble fraction was trans- 
ferred to a 15 cc. centrifuge tube, reprecipitated with acetone, 
and then boiled with 5 cc. of absolute ethyl alcohol. The volume 
was adjusted to 3 cc. and the tube set away at about 4° over- 
night. After centrifuging, the precipitate was stirred up in 1 cc. 
of fresh absolute alcohol, cooled, and again centrifuged. The 
alcohol-insoluble (cephalin) fraction and the alcohol-soluble 
(lecithin) fraction were saponified, and the fatty acids extracted, 
purified, and separated into solid and liquid acids by the pro- 
cedure already described (5). 
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Results 

The data showing the percentage of lecithin as calculated from 
the sum of the lecithin and cephalin fatty acids^ the percentage 
and iodine number of the solid acids, and the percentage of elaidic 
acid are given in Table I. It may be seen that, by the procedure 
used, 51.3 to 66.0 per cent of the total phospholipid fatty acids 
was found in the lecithin fraction. 

In the hope of getting some idea of the degree of fractionation 
of the liver phospholipids into lecithins and cephalins on the 


Table I 


Turnover of Lecithins and Cephalins in Liver of Rats 


Time on eUidin 

I^ecittin fatt j* acids 

Cephalin fatty adds 

Per cent 
of tot^ 

Solid adds 

Per cent 
of elddie 
add 

Solid adds 

Per cent 
cf elaidic 
add 

Per cent 

INo. 

Per cent 

mm 

12 hrs. 

S8.2 

38.3 

30.2 

12.9 

37.1 

25.5 

10.6 

12 " 

56.7 

39.4 

47.2 

20.7 

33.8 

42.3 

16.8 

18 “ 

64.8 

34.9 

48.1 

18.6 

34.5 

43.0 

16.6 

18 “ 

58.0 

44.6 


27.8 

40.0 

50.6 

22.6 

18 “ 

57.1 

42.9 

54.1 

26.8 

39.3 

48.2 

21.1 

24 " 

62.6 

45.6 

50.6 

25.6 

39.1 

40.9 

17.8 

26 “ 

53.5 

41.3 

42.4 

19.6 

39.2 

34.4 

16.0 

26 » 

51.3 

43.8 

52.9 

25.7 

40.8 

45.0 

20.4 

48 “ 

66.0 

47.7 

56.5 

30.0 

41.0 

45.1 

20.6 

8 wks.* 

57.3 

43.6 

55.7 

27.0 

42.5 

49.1 

23.2 

8 “ 

53.8 

43.5 

55.6 

26.9 

42.1 

49.5 

23.2 


* Raised from weaning age on Diet 290-C (4). 


basis of the solubility in absolute alcohol, a few determinations 
were made of the choline content of the aqueous solution left 
after saponification and extraction of the fatty acids with ether.^ 
The Beattie method of precipitating the choline as the reineckate 
and estimating it colorimetrically was used (6). In some cases 
the choline was estimated directly on an aliquot of the aqueous 
solution; the remainder was neutralized, and then saponified with 
Ba(OH)i according to the procedure described by Williams et al. 

' The author acknowledges the assistance of Mr. R. J. Fassina in estimat- 
ing the choline contents of the aqueous residues. 
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(7). No significant difference was found in the choline content 
before and after further saponification. An average of 80 per 
cent (70 to 84 per cent) of the total lipid choline was found in 
the aqueous residues from the lecithin fractions. Part of the 
20 per cent in the cephalin fractions may well have come from 
sphingomyelins which had been dissolved in the ether solution 
of the total lipids. 

In every one of the eleven experiments it was found that both 
the percentage and the iodine number of the solid fatty acids 
were higher in the lecithin fatty acids than in the cephalin fatty 
acids. Accordingly the elaidic acid content of the liver lecithins 
is consistently higher than that of the cephalins. The difference 
ranged from 2.4 to 9.4 per cent and averaged 4.9 per cent. 

‘ When allowance is made for the lower maximal content of 
elaidic acid in the cephalin fi'action, it is evident that the rale 
of uptake of elaidic acid is just about the same in the lecithins 
and cephalins of the liver. It is true that, when the elaidic acid 
content of the lecithins and cephalins is calculated as a percentage 
of the maximum, in all but one of the nine experiments the turn- 
over is greater for the lecithins than for the cephalins. Neverthe- 
less, the fact remains that these data indicate quite clearly that 
the cephalins in the liver undergo a rapid turnover. If the rate 
of turnover is a proper clue to function, then it must be admitted 
that the cephalins as well as the lecithins are intermediates in 
fat metabolism. 

In view of the fact that the choline detenninations indicated 
that approximately 20 per cent of the total choline came out in 
the cephalin fractions, it might be thought that possibly the elaidic 
acid in the latter was in reality all contained in the contaminating 
lecithins. However, a calculation based on the assumption that 
20 per cent of the cephalin fraction consisted of lecithins and 
vice versa showed that, in the last two rats in Table I, the liver 
lecithins contained 30 per cent of elaidic acid and the cephalins 
contained 15 per cent. Furthermore, it had been found that in 
every case, although most of the liver phospholipid was soluble 
in boiling absolute alcohol, there was some that was not. Think- 
ing that perhaps this insoluble fraction might contain a higher 
proportion of true cephalins than that which separated out on 
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cooling, the two were analyzed separately. In two e.xperiments, 
carried out on the extracts from the pooled livers of rats on a high 
elaidin diet, the fraction insoluble in hot alcohol, amounting to 
19 and 25 per cent of the total cephalin fraction, contained 17.7 
and 19.0 per cent of elaidic acid; the cephalins which separated 
out of the alcohol on cooling contained 17.9 and 21.0 per cent, 
respectively. Thus there was no evidence to indicate that the 
true cephalins take up no elaidic acid. However, the question 
needs to be investigated further. 

DISCDSSIOX 

The idea that the lecithins might have a metabolic function 
and the cephalins a structural or at least a non-metabolic function 
evidently has appealed to a number of workers within the last 
couple of years. In a recent review Bloor (8) has summarized 
the e\ddence that lends support to the idea. 

The results of this present study, however, are not in harmony 
uith the view that the lecithins alone, and not the cephalins, 
are intermediates in fat metabolism. It is clearly shown that, 
although the total uptake of elaidic acid by the lecithins is greater 
than by the cephalins, the rates of exchange of the fatty acids in 
the lecithins and cephalins of the liver are practically the same. 


SUMM.VRT 

The rates of turnover of the fatty acids, as measured by the 
rate of uptake of elaidic acid, are practically the same in the 
lecithins and cephalins of the liver of the rat. On the other hand, 
the ma.ximum percentage of elaidic acid is significantly greater in 
the lecithins than in the cephalins. 

If the rate of tmnover of the fatty acids is taken as a criterion 
of the ftmction of the phospholipids, these results do not support 
the idea that the lecithins alone are intermediates in fat metab- 
olism and that the cephalins have exclusively a non-metabolic 
function. 
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THE EXCLUSION OF ELAIDIC ACID FROM THE PHOS- 
PHOLIPIDS OF THE TESTES AND ITS UPTAKE BY 
OTHER ORGANS OF THE RAT 

Bt ROBERT GORDON SINCLAIR 

[From Ihe Deparlmenl of Biochemistry, Queen’s University, Kingston, 

Canada) 

(Received for publication, February 28, 1940) 

The use of elaidic acid as a means of studying the turnover of 
phospholipids in the animal body is based on the premise that, 
as it is readilj" absorbed and burned, elaidic acid is probably 
transported and otherwise treated in the body in a manner com- 
parable to stearic and oleic acids, its closest chemical relatives. 
The original observation that elaidic acid rapidly becomes in- 
corporated into the phospholipids of the liver and more slowly 
into those of the skeletal muscles and, after more prolonged 
feeding, makes up about one-third of the total phospholipid 
fatty acids of these organs (1) is believed to prove the correctness 
of that premise. A single exploratory experiment having demon- 
strated clearly that elaidic acid enters into the phospholipids 
of the kidneys, the heart, the blood plasma, and the red blood 
cells, it was thought that the entrance of elaidic acid into the 
phospholipids was common to all organs of the body, the rate of 
entrance being a function of, and therefore a measure of, the 
rate of turnover. 

Some time later McCk)imell and Sinclair (2) found that the 
brain was an exception to all of the other organs studied. Even 
in rats which had been fed elaidin throughout their entire lifetime, 
including the intrauterine period, elaidic acid amounted to only 
about 10 per cent of the fatty acids in the lecithins and cephalins 
of the brain. Accordingly, it was concluded that, while there 
was probably a considerable selection exercised in the building 
up of certain phospholipids in all organs of the body, this process 
of selection was much more rigorous in the case of the brain. At 
the tune it was felt that this high degree of selection in the brain 
was probably peculiar to nervous tissue. 
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Recently it has been discovered that in the testes of rats there 
is a still more rigorous selection in the building up of the cellular 
phospholipids. Elaidic acid is completely excluded. Apart 
from the fact that the absence of elaidic acid from the phospho- 
lipids of the testes would seem to indicate the absence of phospho- 
lipids acting as intermediates in fat metabolism, nothing is known 
as to the physiological significance or the mechanism of the selec- 
tive synthesis of the phospholipids. 

EXPERIMENTAL 

The observation that elaidic acid did not appear in the phospho- 
lipids of the testes was first made on a group of rats which had 
been fed elaidic acid over a period of 1 to 4 days for the primary 
purpose of determining the rate of turnover of kidney phospho- 
lipid (3). In order to find out whether the non-appearance of 
elaidic acid was due to a very slow turnover or to a process of 
exclusion comparable to that in the brain, the testes of three 
groups of rats which had been raised on a high elaidin diet from 
40 to about 280 gm. were analyzed. The procedure employed 
has already been described (3). The results are given in Table I. 
In all cases the testes of two or more rats were pooled. 

The iodine numbers of the solid acids (Column 5) clearly show 
that there is no significant increase above the control level in the 
animals fed elaidin. The values, it is true, tend to be somewhat 
higher than the four controls, but the difference is so small that 
it would require a large number of experiments to test its reality. 
The percentages of solid acids (Column 4) also are practically 
the same in the controls and in those rats fed elaidin. Accord- 
ingly, since the percentage of elaidic acid is calculated from the 
percentage and iodine number of the solid acids, the values for 
elaidic acid (Column 7) are substantially the same in those animals 
fed elaidin as in the controls. 

It had been observed that the testes of the first two groups 
raised on the high elaidin diet were small and flabby as compared 
with those of normal rats (Column 2). This could readily be 
attributed to the inadequacy of vitamin E. The percentage of 
phospholipid fatty acids (Column 3), on the other hand, appeared 
to be normal. However, to exclude the possibility that the 
absence of elaidic acid from the testicular phospholipids was due 
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to atrophy of the testes, the third group of rats was given 
a-tocopherol.^ The testes were quite normal in size and appear- 
ance. The phospholipid content was unchanged. The iodine 
number and percentage of solid acids in the phospholipid fatty 
acids were actually closer to the control values than in the other 
two groups. 

When it became certain that elaidic acid was e.xcluded in the 
building up of testicular phospholipid, it became clear that other 

Table I 


Absence of Elaidic Acid from Phospholipids in Rat Testes 


Dietary conditions 

(!) 

Weight of 
teatca per 
100 gm. 
body 
vreignt 
(2) 

Phospho- 
lipid fatty 
ftcida 

(3) 

Per cent 
of solid 
acids 

(4) 

I No. 

Apparent 

elaidic 

add 

(7) 

Solid 

acids 

(5) 

Liquid 

adds 

(6) 


gvx. 

per cent 




ftrcent 

Stock diet, Purina 


0.830 

35.0 

8.7 

210 

3.4 

Fox Chow 


0.984 

34.7 

9.7 

200 

3.7 


0.88 

0.986 

36.0 

9.7 

219 

3.9 



0.760 

36.0 

8.7 

1 224 

3.5 

High elaidin diet, 

1.17 

0.830 

34.5 

7.4 

202 

2.8 

1 day* 

1.00 

0.820 1 

33.8 

8.8 

223 

3.3. 

Same, 2 days* 

0.87 

1.023 

34.6 

12.6 

191 

4.8 


0.63 

0.819 

33.2 

12.9 

210 

4.8 

II 3 II * 

0.79 

0.902 

32.9 

11.8 

171 

4.3 

** 4 < 

1.08 

0.790 

34.5 

10.1 

225 

3.9 

Raised on high 

0.56 

0.945 

31.8 

11.7 

194 

4.1 

elaidin Diet 290- 

0.75 


31.4 

10.7 

211 

3.7 

C (4) 

1.12t 

0.985 

35.4 

9.8 

226 

3.9 


* Fed elaidin every 4 hours in addition to the high elaidin diet, 
t o-Tocopherol added to diet. 


organs of the rat should be studied. However, the necessity 
of hating not less than about 30 mg. of phospholipid fatty acids 
for the elaidic acid determination makes such a study difficult 
even though the organs from several rats are pooled. To confirm 
a single determination made several years ago, hearts were ana- 
b'zed. An analysis has been carried out on lungs. A summary 
of the data at hand concerning the percentage of elaidic acid in 

1 To ever}- 100 gm. of Diet 290-C (4) were added 100 mg. of eph}-nal 
kindly donated by Hoffmann-La Roche. Ltd., Montreal. 
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the phospholipid fatty acids of the various organs of rats which 
had been raised on the high elaidin diet, No. 290-C (4), is given in 
Table II. It needs to be emphasized that the phospholipids of 
control animals fed on either stock diets or on synthetic diets con- 
taining common fats and oils have an apparent elaidic acid content 
of about 4 per . cent. 

On inspection of the values in Column 7 of Table II, it \vill be 
seen that the elaidic acid contents of the phospholipids of the 
small intestine, the liver, skeletal muscle, kidneys, heart, and 
red blood cells are almost the same. The low value for the blood 

Table II 


Comparative Uptake of Elaidic Acid by Various Organs of the Rat 


Organ 

(1) 

No. of 
detormina- 
tiona 

(2) 

Phospho- 
lipid lotty 
acids 

(3) 

Per cent 
of solid 
acids 

(P 

I No. 

Elaidic 

acid 

(7) 

Solid 

acids 

(5) 

Liquid 

acids 

(6) 

j 


per cent 

1 



per cent 

Small intestine 

4 

0.731 

47.8 

54.6 


29.2 

Liver 

6 

2.75 

43.8 

54.0 


26.4 

Skeletal muscle 

4 

0.691 

40.6 1 

61.0 


27.5 

Kidney 

4 

1.89 

40.8 

56.8 

207 

25.8 

Heart 

2 

1.11 

41.6 

' 60.0 

266 

27.8 



1.70 

37.2 

58.8 

1 272 

24.3 

Blood plasma 

1 


32.1 

36.0 

I 121 

12.9 

" cells 

1 

0.272 

48.1 

54.3 

200 

29.0 

Lungs 

1 

1 1.46 

47.8 

36.3 

185 

19.3 

Brain 

1 

3.16 

30.9 

20.3 

189 

7.0 

Testes 

3 

0.965 

32.9 

10.7 

210 

3.9 


plasma of the rat is questionable, since it is a single analysis and 
especially in view of the much higher values which are found in 
the blood plasma of cats (5). The low value for the lungs may 
be open to question, since it is a single determination; ho\yever, 
there is no reason to suspect its accuracy. The single determina- 
tion on the brain was carried out recently and is in complete 
agreement vrith the extensive analyses published previously (2). 
Incidentally, the lecithins and cephalins of the brain (the ether- 
insoluble lipids having been removed) were analyzed separately. 
The cephalin fatty acids amounted to 60.6 per cent of the total 
phospholipid fatty acids. For the lecithin and cephalin fractions. 
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respectively, the percentages of solid acids were 32.4 and 29.8 
per centj the iodine numbers of the solid acids were 21.1 and 19.8, 
and the elaidic acid percentages were 7.6 and 6.6. 

DISCUSSION 

The clear cut evidence that elaidic acid is excluded from the 
phospholipids of the testes even more rigorously than from those 
of the brain raises anew the question of the physiological function 
of the non-metabolic phospholipids, the relationship between 
function and composition, and, above all, the mechanism by 
means of which the composition is controlled. It would appear 
certain that, since elaidic acid is the predominant fatty acid being 
burned in the body, its complete absence from the testicular 
phospholipids indicates that the latter must have exclusively a 
non-metabolic fimction. But as to what that function is, the 
present results offer no clue. Natiunlly, elaidic acid cannot be 
used to measure the rate of turnover of testicular phospholipids. 
According to Artom el al. (6) the turnover of the phosphoric acid, 
at any rate, is comparatively slow. 

At the present time it is impossible to formulate any satisfactoiy 
hypothesis as to the probable mechanism by means of which 
elaidic acid is excluded from the phospholipids of the testes and 
yet is incorporated into those of most of the other organs of the 
body. The various possible explanations faU into two distinct 
groups. In one group are those which involve a selection of 
certain fatty acids from the mixture circulating in the blood 
stream. This selection might conceivably result from differential 
permeability of membranes or from enzyme specificity. Opposed 
to these is the assumption that the cells of the testes are quite 
impermeable to all fatty acids of whatever nature and in whatever 
compound. Those fatty acids which are required for phospholipid 
synthesis during growth would necessarily have to be synthedzed 
from carbohydrate in situ. 


SDMMABY 

Elaidic acid is not incorporated into the phospholipids in the 
testes of rats, even though elaidin is fed during the entire period 
of growth from weamng age on. The exclusion of elaidic acid is 
more rigorous than had previously been observed in the brain. 
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In all other organs studied — small intestine, liver, skeletal 
muscle, kidneys, plasma and red cells of the blood, and lungs— 
elaidic acid becomes incorporated in large amounts into the 
phospholipids. 
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GLYCmE AND HISTIDINE FEEDING AND CREATINE, 
CREATININE, AND INORGANIC PHOSPHORUS 
EXCRETION IN MAN 

Br ELIZABETH HYDE 

(From the Division of Biochemistry, University of California Medical 
School, Berkeley, and the Laboratory of Chemistry, Wells 
College, Aurora, New York) 

(Received for publication, February 7, 1940) 

The relation of glycine to creatine metabolism is of particular 
interest because of the fact that the ingestion of glycine by persons 
with progressive muscular dystrophy results in an increased excre- 
tion of creatine, and, sometimes, in a feeling of increased muscle 
strength. Some investigators (1-3) have observed an increase in 
the urinary creatine or total creatinine of normal adult men follow- 
ing the ingestion of glycine, while others (4-7) have not observed 
this effect. 

Data reported upon the urinary creatine-creatinine following 
the administration of histidine are also of a contradictory nature 
(1, 8-15). In most of these studies animals, rather than human 
subjects, have been used. 

This is a report of two types of experiments to determine the 
effect of the ingestion of glycine upon the creatine and creatinine 
excretion of normal men and women, and of one experiment to 
determine the effect of the ingestion of histidine upon these urinary 
components in the case of a normal woman. Because of their low 
creatine tolerance women are especially suitable as subjects for 
studies of this type. In three of these experiments the urinary 
inorganic phosphorus was also followed. 

EXPERrMENTAL 

In each of the experiments there were three periods: a pre- 
liminary period which served to show the normal excretion of 
creatine and creatinine by each subject, an ingestion period, and 
an after period. For a few days before and throughout the 
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duration of^ the experimente, the subjects ate well halt need 
meat-free diets of constant composition containing milk, eggs[ 
cheese, fruits, vegetables, and whole wheat bread. Complete 24 
hour collections of urine were made and each collection was diluted 
to a fixed volume, except in a few cases when the collections 
exceeded this volume. Total and preformed creatinine were 
determined daily by the method of Folin (16). Purified creatinine 
zinc chloride was used as the standard. The total urinary nitrogen 
for each period was determined by the Kjeldahl-Gunning method. 
In the long continued ingestion experiments the urinary inorganic 
phosphorus was determined daily by the method of Fiske and 
Subbarow (17). From time to time qualitative tests were made 
for certain pathological constituents in the urine. These were 
negative, except as indicated in Tables I and III, 

The glycine used was obtained from the Amino Acid Manu- 
factures of the University of California at Los Angeles, The 
1-histidine monohydrochloride monohydrate used was obtained 
from the University of Illinois, Urbana. Both of these substances 
were of known purity. These supplements were administered 
with milk or with water at breakfast or at luncheon when given 
once daily, and at each of these meals when given rivice daily. 

The results of the experiments are summarized in Tables I 
to III. The data represent the average daily output of each com- 
ponent for the periods indicated except when the period consists 
of 1 day only. In that case the single day's output is given. 
The days of each period and the periods followed each other 
consecutively, except during the menstrual periods, when no 
collections were made, and except in the case of an occasional loss. 
Quantities of urinary creatine are always expressed in terms of 
creatinine. 


DISCUSSION 

Prolonged Ingestion of Glycine (Table I ) — During a period of 53 
consecutive days Subject 1 ingested an amount of glycine equiva- 
lent to 197 gm. of creatine. There was no significant change in 
the urinary creatinine throughout the experiment. In the period 
when 9.16 gm. of glycine (equivalent to 16 gm. of creatine) were 
ingested daily there was a slight increase in the creatine output, 
but the increase did not continue throughout the period. Begin- 
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Table I 

Effect of Prolonged Ingestion of Glycine upon Urinary Creatinine, 
Creatine, and Inorganic Phosphorus* 


Subjects 1 and 2 received meat-free diets of constant composition con- 
taining 13.61 gm. of nitrogen and suppl>-ing 2725 calories. 


Subject No. 

Days 

Urine 

Glycine 

ingested 

daily 

Total N 

Inorganic , 

P 

Creatinine 

Creatine 
as creati- 
nine 



cm. 

cm. 

cm. 

cm. 

cm. 

1. Young woman, 

1- 7 

9.4 

1.23 

1.15 

0.06 

0.00 

65.7 kilos at begin- 

8-U 

9.9 

1.15 

1.23 

0.08 

0.00 

ning, 67.5 kilos at 

15-21 

10.2 

1.25 

1.23 

0.09 

0.57 

end of experiment 

22-28 

10.0 

1.27 

1.21 

0.07 

0.57 


29-35 

10.3 

1.32 

1.22 

O.OS 

0.57 


36-42 

10.3 

1.27 

1.27 

0.10 

i.ist 


43-49 

10.2 

1.25 

1.24 

, 0.09 

1.15t 


50-56 

9.5 

1.26 

1.20 

1 0.10 

2.29t 


57-63 

10.2 

1.30 

1.23 

0.09 

4.58t 


64-67t 

10.7 

1.21 

, 1.24 

0.12 

9.16t 


68-74t 

9.5 

1.29 

1.27 

0.10 

0.00 


75-81 

9.7 

1.26 1 

1.25 1 

0.11 

0.00 


82-90 

9.5 

1.29 

1.21 

0.10 

0.00 

2. Young woman, 

• 1- 7 

12.0 

1.12 

1.07 

0.07 

0.00 

57.8 kilos at begin- 

8-14 

12.2 

1.14 

1.09 

0.07 

0.00 

ning, 60.5 kilos at 

15-21 

12.4 

1.13 

l.OS 

0.09 

0.00 

end of experiment 

22-28 

12.8 

1.11 

1.12 

O.OS 

0.57 


29-35 

12.7 

1.09 

1.12 

O.OS 

0.57 


36-42 

12.9 

1.16 

1.12 

0.09 

0.57 


43-49 

12.3 

1.11 

1.10 

0.09 

0.57 


50-56 

12.9 

1.15 

1.12 

0.10 

0.57 


57-63 

12.9 

1.12 

1.13 

0.10 

1.15t 


64-70 

12.4 

1.15 

1.11 

0.10 

2.29t 


71-77 

13.0 

1.16 

1.11 

0.14 

4.58t 


78-79 

13.4 

1.19 

1.13 

0.19 

4.58f 


80-86§ 

11.9 

1.17 

1.09 

0.15 

0.00 


87-93 

11.7 

1.17 

1.12 

0.12 

0.00 


• The figures represent the daily average output for the periods indi- 
cated. 


t Divided into trvo equal doses. 

t Benedict’s test for urinary sugar gave a slight green precipitate at 
times during these periods. 

§ Beginning with the latter part of this period 35 gm. of bread were 
omitted from the diet. 
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ning with the 1st day of this period the amounts of creatine 
(expressed as creatinine) excreted daily were 0.13, 0.13, 0.16, and 
0.09 gm. During the first after period the daily excretion of 
creatine was like that of the early days of the experiment. Be- 
cause of the normal daily variation in the creatinuria of women 
the above increases do not seem significant. In fact, on the 12th 
day of the after period 0.15 gm. of creatine (expressed as creatinine) 
were excreted by this subject, and on the 22nd day 0.13 gm. 

During a period of 58 consecutive days Subject 2 ingested an 
amount of glycine equivalent to 149 gm. of creatine. In this 
case, also, there was no significant change in the urinary creatinine 
throughout the experiment. The urinary creatine increased 
somewhat when 4,58 gm. of glycine were ingested daily. Begin- 
ning with the 1st day of this period the amounts of creatine (ex- 
pressed as creatinine) excreted daily were 0.10, 0.12, 0.13, 0.13, 
0.15, 0,17, 0.16, 0.19, and 0.19 gm. The increase in creatinuria 
persisted at a gradually decreasing rate during the first after 
period, the amounts (expressed as creatinine) then excreted daily 
being 0.18, 0,17, 0.14, 0.15, 0.16, 0.12, and 0.14 gm, However, 
if creatine is one of the important products of the catabolism of 
exogenous glycine, a larger amount of urinary creatine would be 
expected during the ingestion of an amount of glycine equivalent 
to 72 gm. of creatine, and particularly since an amount of glycine 
equivalent to 77 gm. of creatine had been ingested during the 49 
days preceding. The total amount of creatine (expressed as 
creatine) excreted by this female during the last 9 days of the 
ingestion of glycine and during the after period of 14 days exceeded 
the total amount of creatine excreted during the preceding 23 
days by about 1.10 gm. Her creatine tolerance, determined by 
the method of Milhorat and Wolff (18), was 56 per cent. Assum- 
ing her tolerance for creatine, if synthesized from the ingested 
glycine, to be the same as for ingested creatine, the excretion of 
1.10 gm. of extra creatine represents the metabolism of 2.5 gm. 
of extra creatine. And if this extra creatine had been synthesized 
from the ingested glycine by the Sasaki reaction (19), or by any 
reaction in which 1 molecule of glycine took part in the formation 
of a molecule of creatine, only 1.43 gm., or about 3.47 per cent of 
the amount of glycine ingested during this time, would have been 
needed for the synthesis. 
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During an unusual storage of creatine in the muscles one would 
expect an increased utilization of phosphorus in the formation 
of creatine phosphate. Broum and Imbrie (20) observed that 


T.tBLE II 

Effect of Ingestion of Single Doses of Glycine upon Urinary Creatinine 
and Creatine* 



Daj*s in 
period 


Urine 


Glycine 

Subject No. 

Total N 

Creatinine 

Creatine ea 
creatinine 

invested 

2. Young woman, 55.7 

3 

om, 

10.0 

gm, 

1.09 

gm. 

0.16 

gm. 

0.00 

kilos 

1 

10.3 

1.13 

0.16 

9.16 


3 

10.5 

1.09 

0.16 

0.00 

3. Young male adult, 67.6 

8 

10.0 

1.71 

0.02 

0.00 

kilos 

1 

12.8 

1.82 

0.02 

9.16 


2 

11.3 

1.70 

0.04 

0.00 


7 

11.5 

1.73 

0.00 

0.00 


1 

12.0 

1.65 

0.01 

9.16 


2 

11.4 

1.73 

0.01 

0.00 

4. Young woman, 62.2 

9 

12.3 

1.32 

0.02 

0.00 

kilos 

1 

14.0 

1.32 

0.01 

9.16 


2t 

13.3 

1.36 

0.03 

0.00 

5. Young woman, 54.0 

3 

10.3 

1.13 

0.07 

0.00 

kilos 

1 

12.4 

1.14 

0.07 

9.16 


3 

10.5 

1.14 

0.04 

0.00 

6. Middle-aged woman. 

10 

8.2 

0.94 

0.05 

0.00 

55.0 kilos 

1 

10.3 

0.91 

0.07 

9.16 


3 

8.6 

0.92 

O.OS 

0.00 


3t 

9.7 

0.93 

0.06 

0.00 


1 

1 9.5 

0.96 

0.06 

9.16 


1 2 

j 9.5 

0.95 

0.05 

0.00 


* The figures represent the daily average output for the periods indi- 
cated. 


t On the 2nd daj- of this period the energy value of the diet was in- 
creased by 4S2 calories and the nitrogen intake by 2.0 gm. 

t Beginning with this period the energy value of the diet was increased 
by 372 calories and the nitrogen intake by about 2.0 gm. 


creatine administration induced a fall in the output of urinary 
phosphate in proportion to the extent of creatine retention in the 
case of anesthetized cats. Stacey (21), after oral administration 
of creatine to hiunan subjects, noted a definite fall in the inorganic 
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phosphate concentration of the blood plasma concomitant nith 
a rise in its concentration of total creatinine. The data obtained 
in this study do not indicate any increase in the retention of 
phosphorus during the ingestion of glycine, and therefore do not 

Table III 

Effect of Prolonged Ingestion of UHistidine upon Urinary Creatine, 
Creatinine, and Inorganic Phosphorus* 

Subject 2 (a young woman weighing 55.7 kilos) received a meat-free diet 
of constant composition containing 11.9 gm. of nitrogen and supplying 2355 
calories. 


Days 

Urine 

t-Histidinot 

inscsted 

daily 

Total N 

Inoreanic P 

Creatinine 

Creatine ns 
crentinino 


ffm. 

pm. 

pm. 

pm. 

pm. 

1- 7 

8.2 

0.84 


mEm 

0.00 

8-14f 

8.9 

0.85 


■IB 

0.00 

15-21 

8.7 

0.92 

1.09 

■IB 

0.00 

22-28 

9.5 

0.98 

1.11 

0.11 

bm 

29-35 

8.9 

0.89 

1.12 

0.13 


36-42 

9.8 

0.92 

1.13 

0.10 

1.60 

43-49 

9.8 

0.93 

1.15 

0.12 


50-52 

9.3 

0.93 

1.12 

0.12 

HEIH 

53-55§ 

8.9 

0.94 

1.11 

0.12 


56-62§ 

9.1 

1.00 

1.10 

0.11 


63-69 

9.2 

1.03 

1.09 

0.10 

■B 

70-74 

9.1 

0.98 

1.08 

0.12 

■B 


* The figures represent the daily average output for the periods 
indicated. 

f f-Histidine monohydrochloridc monohydrate divided into two equal 
doses, and with each dose an amount of sodium bicarbonate to neutralize 
the hydrochloric acid completely. 

f Beginning with the 3rd day of this period the energy value of the diet 
was increased by 170 calories and the nitrogen intake was increased by 
3.45 gm. 

§ Benedict’s test for urinary sugar gave a slight green precipitate. 

suggest an increased storage of creatine in the case of either of 
these two women. 

Ingestion of Single Doses of Glycine (Table II) The creatine 
tolerance of some of the subjects used in this phase of these studies 
was determined while they were receiving the constant, meat-free 
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diets. The creatine tolerance of Subject 2, who ser\'ed in both 
types of glycine feeding experiments, was 56 per cent. Subject 
3 excreted 0.09 gm. of extra creatine while ingesting 1 gm. of 
creatine daily, and exhibited a slight creatinuria on a meat-free 
diet when not ingesting creatine. Subject 5 excreted 0.10 gm. of 
extra creatine on the 2nd day of the daily ingestion of 1 gm. of 
creatine. The tolerance of Subject 6 for ingested creatine, de- 
termined by the method of Milhorat and Wolff (18), was 80 per 
cent. Notwithstanding the inability of some of these indi\*iduals 
to retain 1 gm. of ingested creatine, in no case did the ingestion of 
an amount of glycine equivalent to 16 gm. of creatine produce any 
significant change in the e.xcretion of creatine. Similar results, 
which are not reported, were obtained in the performance of this 
type of experiment with other subjects. 

Prolonged Ingestion of l-Hislidine (Table III ) — During this study 
the diet of Subject 2 was similar in composition to that which she 
received during the prolonged ingestion of glycine but was lower 
in calorie and nitrogen value. An amount of f-histidine equivalent 
to 1 gm. of creatine was ingested daily for 31 consecutive dajs, and 
twice this amoimt for the next 3 days. During this time the 
urinary excretion of inorganic phosphorus, creatine, or creatinine 
was not significantly different from that of the fore and after 
periods. Therefore there was no demonstration of an influence 
of exogenous histidine upon the synthesis or excretion of creatine 
or creatinine. 

Regarding Positive BenedicVs Tests — ^No explanation can be 
offered for the slightly positive tests for sugar in the mine of 
Subjects 1 and 2 during a part of the e.xperiment. This occurred 
in the case of another subject when he took 9.16 gm. of glycine in 
a single dose. These persons had had occasional urine sugar tests 
made previous to the experiment and none had indicated sugar. 
After the completion of the experiments tests for sugar in the 
urine of these subjects were negative. 

SUMMARY 

The daily administration of an amount of glycine equivalent to 
1 gm. of creatine exerted no noticeable influence upon the urinary 
creatine, creatinine, or inorganic phosphorus of two healthi-- yoimg 
women, although the ingestion was continued for 3 and o^rY^eks 
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respectively. Nor did the excretion of these components change 
sufficiently to support the hypothesis that exogenous glycine is 
changed to creatine or creatinine by normal women, even though 
the amount of glycine administered was increased by doubling tlie 
daily dose for successive periods until finally, in the one case, an 
amount of glycine equivalent to 16 gm. of creatine was ingested 
daily for 4 days, and, in the other case, an amount equivalent to 8 
gm, of creatine was ingested daily for 9 days. 

Single doses of an amount of glycine equivalent to 16 gm. of 
creatine produced no significant effect upon the excretion of 
creatine or creatinine of several normal men and women. 

The daily administration of an amount of f-histidine equivalent 
to 1 gm, of creatine for 31 consecutive days and of an amount 
equivalent to 2 gm. of creatine for the next 3 days exerted no 
noticeable influence upon the urinary creatine, creatinine, or 
inorganic phosphorus of a normal young woman. 

The author -wishes to express her appreciation of the kindness 
of Professor C. L. A. Schmidt who permitted her to use the 
facilities of the biochemical laboratory of the University of 
California for some of these experiments. 
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CHEMICAL AND METABOLIC STUDIES ON 
PHENYLALANINE 

II. THE PHENYLALANINE CONTENT OF THE BLOOD AND 
SPINAL FLUID IN PHENYLPYRUVIC OLIGOPHRENIA* 

Br GEORGE A. JERVIS, RICHARD J. BLOCK, DIANA BOLLING, 
and EDNA KANZE 

(From the Deparlmenta of Neuropathology and Biochemistry, New York State 

Psychiatric Institute and Hospital, New York, and from Lelchworth 
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Thiells, New York) 

(Received for publication, Februarj’ 14, 1940) 

Phenylpyruvic oligophrenia is an inborn error of metabolism 
characterized clinically by mental deficiency and chemically by 
the excretion of phenylpyrutnc acid in the urine. It was shown 
previously that the feeding of a diet rich in protein or the ingestion 
of phenylalanine, phenylpyruvic acid, and of phenyllactic acid to 
patients afflicted with this syndrome resulted in an increased 
excretion of phenylpyruvic acid in the urine (1). The present 
paper contains obsen^ations on the phenylalanine and phenyl- 
pyruric acid contents of the blood of normal and oligophrenic 
individuals, on the phenylalanine and phenylpyruvic acid content 
of the spinal fluid of these patients, and on the effects upon these 
values of feeding protein, phenylalanine, phenylpyruvic acid, 
phenyllactic acid, and tyrosine. 

EXPERIMENTAL 

Methods 

For the quantitative determination of phenylalanine the fol- 
lowing procedure was used. The blood or spinal fluid proteins 
were precipitated with 5 volumes of 10 per cent trichloroacetic 
acid; the precipitate was removed by centrifugation and washed 

* Aided by a grant from Child Neurology Research (Friedsam Founda- 
tion). 
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twice with 1 volume of 5 per cent trichloroacetic. acid. The com- 
bined filtrates and washings were diluted to volume and suitable 
aliquots were evaporated to dryness in a porcelain dish on the 
steam bath. The estimation of phenylalanine was carried out on 
the residue by means of the nitration method previously described 
(2, 3), by use of the Evelyn colorimeter with Filter 560 m/j. 

It was shown (Table I) that the amount of color developed is 
proportional to the amount of phenylalanine used and that tyro- 
sine, tyrosine and glycine, an excess of an amino acid mixture 
consisting of tyrosine, glycine, glutamic acid, arginine, and histi- 

Table I 

Proportionality of Amount of Color Developed by Phenylalanine 
All reactions were carried out four or more times; average viihies arc 
given. 


Optical density; a = 2 — log G (0 = galvanometer readings)* 


Amount of 
phenyl- 
alanine 

1 


Alonet 1 

1 ml?. 

tyrosine i 

2 mg. 
tyrosine 

2 mg. tyro- 
sine -h W 
mg. glycine 

Amine acid 
mixture 

30 mg. 
ptote'm 
hydrolysates 

1 

iTiQ, ; 

1 

■nmn 

j 


1 

1 


0.6 1 

0.194 


0.187 

0.194 

0.201 

0.201 

1.0 I 

0.409 


0.432 

0.409 

0.420 

0.444 

1.5 

0.685 


0.620 

' 0.620 

' 0.620 , 

' 0.502 

2.0 

0.824 

0.824 

0.796 

' 0.770 

0.854 

0.795 


* From the table in "Notes on operation of the Evelyn photoelectric 
colorimeter." 

t These figures are in terms of optical density (L) and when divided by 
the respective concentration (C) of phenylalanine give a constant value 
(L/C = K). 

dine, or a protein hydrolysate does not interfere with the determi- 
nation, The use of the color filter makes unnecessary the removal 
of tyrosine and histidine as described by Kapeller-Adler (2). 

Moreover, various amounts of phenylalanine were added to 
samples of blood from normal individuals and the samples were 
treated as described above. The recovery of phenylalanine is 
shown in Table II, in which the results are expressed in net values 
after deduction of the blank, 

Phenylpyruvic acid was determined colorimetrically by the 
green color which develops when ferric chloride is added to an 
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aqueous solution of the acid (4). The test was performed as 
follows: 2 cc. of a 1 per cent aqueous soluton of FeCls were added 
to 20 cc. of the trichloroacetic acid blood or spinal fluid filtrates. 
As the green color is unstable, the reading was made in the Eveljm 
colorimeter (Filter 620 mii) at the point of maximum deflection of 
the galvanometer. The reaction was found to detect as little as 
0.005 mg. per cc. of phenylpyru\dc acid or about 0.04 mg. per cc, 
of blood under the experimental conditions here followed. 

Feeding Experiment — Seven male and nine female patients were 
studied during the course of this investigation; their ages varied 
between 4 and 40 years, their intelligence quotients being between 
5 and 50. Four normal subjects were included as controls. The 

Table II 

Recovery of Phenylalanine Added lo Human Blood (10 Cc.) 

All reactions were carried out four or more times ; average values are 
given. 


PhenyUlsnine 

Becoveo' 

1 Expeiiment 1 

EzperuDent 2 

mj. 


mg. 

0.5 

0.45 

0.45 

1.0 1 

1.0 ] 

1.0 

2.0 

2.0 

2.0 

5.0 

5.0 

4.5 

10.0 

9.7 

9.9 


phenylalanine content of the blood and spinal fluid was determined 
after ingestion by fasting (16 hours) subjects of (a) a protein-rich 
meal consisting of 250 gm. of meat, 50 gm. of cheese, 200 cc. of 
milk, and various vegetables, (6) cfl-phenylalanine, (c) phenyl- 
pyruric acid, (d) dZ-phenyllactic acid, and (e) Z-tyrosine. In 
each experiment phenylalanine and phenylpynivic acid were 
determined at the fasting level and 2, 4, and 6 hours following the 
ingestion of the compound. For each estimation four replicate 
determinations were carried out on two different samples of blood 
drawn at the same time. 

The following results were obtained. Under the conditions of 
analysis, the blood obtained from normal fasting indivdduals con- 
tained so little phenylalanine that it could not be determined with 
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even a fair degree of accuracy. In contrast, blood from sixteen 
fasting patients afflicted with phenylpyruvic oligophrenia con- 
tained from 15 to 41 mg. of phenylalanine per 100 cc. The spinal 
fluid of five fasting patients contained from 4 to 12 mg. of phenyl- 
alanine per 100 cc. Phenylpyruvic acid was not found in the blood 
or spinal fluid in any instance. 

The ingestion of a high protein meal by eleven patients resulted 
in an appreciable increase of blood phenylalanine in nine experi- 

Table III 


Feeding of Phenylalanine and Related Compounds 


Substonco fed 

Patient 

B1 

0 hr. 




dZ-Phenylalanine, S gm. 

M. M. 

18 

25 

24 

23 


M. B. 

26 

28 

34 

24 


C. S. 

31 

38 

42 

35 


W. C. 

41 

53 

43 

52 


W. K. 


48 

45 

51 

Phenylpyruvic acid, 5 

M. K. 

I 34 

34 

42 

30 

gm. 

M. B. 

1 23 

29 

29 

28 


W. R. 

25 

29 

38 

21 


W. K. 

17 

' 28 


27 

dl-Phenyilactic acid, 5 

M. K. 


48 

45 

51 

and 10 gm. 

W. R. 

24 

31 

27 

28 


M. B. 

36 

42 

43 

45 

Z-Tyrosine, 10 gm. 

Average, 3 patients 

19 

19 

21 

20 


Controls 


dZ-Phenylalanine, 5gm. 

Average, 3 controls 

1 1 

2-3 

2-3 

0-1 

Phenylpyruvic acid, 5 
gm- 

S. T. 

0-1 

0-1 

2-3 

0-1 


ments, averaging 6 mg. per 100 cc. of blood. In one instance, 
the level rose from 27 to 45 mg. per 100 cc. No phenylpyruvic 
acid was detected in the blood in any of these experiments. 

The feeding of 5 gm. of dl-phenylalanine to five oligophrenic 
individuals resulted in an appreciable rise in blood phenylalanine, 
with a maximum of 30 per cent of the fasting level (Table III)- 
5 gm. portions of phenylpyruvic acid were fed to four oligo- 
phrenics. A distinct rise in blood phenylalanine was found in 
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each instance (Table III) but no detectable quantity of phenyl- 
pyru\nc acid appeared in the blood after either phenylpyxuvic 
acid or phenylalanine was fed. 

The data presented in Table III show that the ingestion of tyro- 
sine had no apparent influence on the phenylalanine content of the 
blood. The ingestion of phenjdalanine or of phenylpyruvic acid 
by normal indhuduals resulted in a slight increase in the blood 
phenylalanine (Table III). 

The phenylalanine content of the spinal fluid was determined 
in two patients 6 hours after the ingestion of 5 gm. of the amino 
acid. 12 and 9 mg. per 100 cc. of fluid were found as compared 
with 5 and 3 mg. respectively in the same patients under fasting 
conditions. It should be pointed out, however, that the latter 
values were not obtained on the same day. No phenylpjwumc 
acid was found in the spinal fluid before or after the feeding of 
phenylalanine. 

While this work was in progress, it was found that phenyllactic 
acid gives almost as much color in the nitration procedme as does 
phenj'lalanine. It was necessary, therefore, to rule out the possi- 
bility that phenyllactic acid and not phenylalanine was measured 
in the foregoing studies. This was accomplished by the following 
experiments. 15 mg. of phenylalanine were added to 30 cc. of 
normal serum, the proteins were precipitated with trichloroacetic 
acid, and the filtrate was extracted ndth ether in a continuous 
extractor for 8 hours. The residue from the ether extract gave 
no color with the nitration method, while all of the color remained 
in the aqueous layer. 6 mg. of phenyllactic acid, as the calcium 
salt, were added ‘to 15 cc. of normal serum. The proteins were 
precipitated with trichloroacetic acid and the filtrate was extracted 
with ether for 4 hours. All the phenj'llactic acid was found in the 
ether layer. Other experiments of a similar nature carried out 
on normal blood after the addition of phenylalanine, phenyllactic 
acid, or both, showed that, on extraction unth ether, phenylalanine 
remains in the water layer while phenyllactic acid is completely 
extracted by ether. 

With this ether extraction procedure, it was found that no 
phenyllactic acid is present in the blood of fasting patients affected 
nith phenylp 3 Tu\'ic oligophrenia. Moreover, the ingestion of 
5, 5, and 10 gm. of dl-phenyllactic acid by three patients resulted 
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in an increase of blood phenylalanine, as shown in Table III 
while neither phenyllactie acid nor phenylpyruvic acid was found 
in these samples of blood. Finally, the trichloroacetic acid 
filtrates from one each of the phenylalanine and phenylpjTuvic 
acid feeding experiments were extracted with ether for 3 hours 
and the colorimetric procedure was applied to both aqueous and 
ethereal solutions. The purple color developed only in the aque- 
ous solution, thus confirming that in each instance phenyllactie 
acid was not responsible for the increased values of the colori- 
metric reading. 

Comment 

The data presented confirm in general the results of Foiling, 
Gloss, and Gammes (5) who were the first to observe an increase 
in phenylalanine in the blood of patients with phenylpyruvic 
oligophrenia. The method of estimation used by these investi- 
' gators, however, was not quantitative, since it was based upon the 
ability of Bacillus proteu^ to convert phenylalanine into phenyl- 
pyruvic acid, which was then determined qualitatively by the 
ferric chloride reaction. The experiments here reported seem to 
exclude the presence of appreciable amounts of phenylpyruvic 
acid in the blood and spinal fluid and of phenyllactie acid in the 
blood of these patients. It appears, therefore, that the essential 
biochemical characteristic of the disease consists in an inability of (he 
subjects to dispose of phenylalanine at a normal rate rather than in n 
failure to break down phenylpyruvic acid, as had been previously 
assumed (1, 6). The presence of phenylpyruvic acid in the urine 
may be considered, then, as an incidental phenomenon resulting 
from the deamination of a portion of the blood phenylalanine by 
the kidney tissue. The observation that ingestion of d-phenyl- 
alanine results in a significantly higher urinary output of phenyl- 
pyruvic acid than does an equivalent quantity of the I acid (1) 
may be explained by assuming that a portion of the natural amino 
acid was utilized for some physiological process which may not 
have involved deamination to phenylpyruvic acid (c/. (7)). 

The formation of phenylpyruvic acid in the kidney represents 
an alternative path in the catabolism of phenylalanine. This 
route would be available to the organism when the normal path- 
way is blocked. Some evidence which suggests that the normal 
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route of phenylalanine catabolism may be through tyrosine and 
not via phenylpyruvic acid is as follows: (a) studies in alkap- 
tonuria have shown that both phenylalanine and tyrosine cause 
an increased elimination of homogentisic acid (8); (6) when the 
liver is perfused with phenylalanine, tyrosine is found in the per- 
fusion fluid (9); (c) in tyrosinosis, the ingestion of phenylalanine 
causes an increased urinary excretion of tyrosine and of j>-hydroxy- 
phenylpymvic acid (10); (d) experiments with tissue slices in- 
dicate that phenylpyruvdc acid fails to give acetoacetic acid rmder 
conditions in wHch phenylalanine and tyrosine yield this com- 
pound (11). Other evidence of the close metabolic relationship 
between tyrosine and phenylalanine is given by the studies on 
experimental alkaptonuria (12, 13) and by the finding of l-p- 
hydroxyphenyllactic acid in the urine of vitamin C-deficient pre- 
mature infants following the ingestion of either phenylalanine or 
tyrosine (14). In this connection, the apparent failure of the 
feeding of 10 gm. of 1-tyrosine to change the level of blood phenyl- 
alanine of the oligophrenic patients is of interest. The opinion 
that different metabolic pathways which may vary according to 
the requirements of the organism are available is in agreement 
with recent observations on the metabolism of sulfur compounds 
(cf. (15)). 

The results of feeding phenylpyruvic acid and phenyllactic 
acid are worthy of especial interest. These compounds, while 
increasing the phenylpyruvic acid output in the urine (1), f^ 
to induce a rise of the ketonic acid in the blood, but cause instead 
an appreciable increase of blood phenylalanine. This finding 
appears to indicate that the patients are able to aminate the keto and 
hydroxy acids and that the phenylalanine so formed is eventually 
deaminated in the kidney to phenylpyruvic acid. Within the past 
few yearn evidence which indicates that keto acids probably are 
transformed into the corresponding amino acids in the animal 
organism has been acciunulating. Thus, certain keto acids are 
able to support the growth of animals maintained on a diet de- 
ficient in the corresponding essential amino acid (16). Likewise, 
the methyl derivatives of many essential amino acids can be 
used for purposes of growth in lieu of the corresponding amino 
acid. The mechanism of their conversion appears to consist 
in the oxidation of the N-methylamino acid to the corresponding 
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ketonic acid, followed by amination to the amino acid (17-20). 
Our data also indicate the occurrence of such amination and de- 
amination processes in man. The possibility that the alteration 
of the anabolic pathway of phenylalanine indicated by this in- 
vestigation may result in a diminished availability of the amino 
acid in the building up of proteins remains the subject for a later 
paper of this series, 

SUMMARY 

1. Quantitative determinations of phenylalanine and of phenyl- 
pyruvic acid in the blood of sixteen patients with phenylpyruwc 
oligophrenia showed a content of phenylalanine varying from 15 
to 41 mg. per 100 cc. and the absence of phenylpyruvic acid. 
Neither compound could be estimated in appreciable amounts in 
the blood of normal individuals by the procedures described. 

2. The blood phenylalanine showed a significant increase fol- 
lowing ingestion of proteins, of phenylalanine, of phenylpyruvic 
acid, and of phenyllactic acid. 

3. The ingestion of these substances did not result in the ap- 
pearance of determinable quantities of plienylpyruvic acid or of 
phenyllactic acid in the blood. 

4. Patients with phenylpyruvic oligophrenia have phenylal- 
anine but no phenylpyruvic acid in the spinal fluid. 

5. Ingestion of phenylalanine causes an increase in the amount 
of phenylalanine in the spinal fluids of these patients. 

We wish to thank Professor Hans T. Clarke and Dr. Warren 
M. Sperry for their interest and helpful advice in the preparation 
of this manuscript. 
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{From the Deparlmenl of Pharmacology and Experimental Therapeutics, the 
Johns Hopkins University, School of Medicine, Baltimore, and the De- 
partment of Medicine, Vanderbilt University School of 
Medicine, Nashville) 

(Received for publication, February 13, 1940) 

Recent experimental studies have indicated that many forms 
of hjTDertension as induced experimentallj’' or as it occurs in man 
are due to a derangement of normal renal function. The evidence 
available at present indicates that the abnormal kidney may 
liberate some substance ivhich plays a part in causing the hjT)er- 
tension. However, the amount of normal renal tissue present 
in the body also determines whether or not hj^jertension occurs 
(1, 3, 4). The normal tissue is thus able to offset the effects of the 
ischemic tissue. This effect of the normal tissue may be explained 
as exerting itself through some humoral agency, the absence of 
which in the diseased organ gives rise to h 5 'pertension. The 
correctness of this view is suggested by three lines of emdence 
which have been reported elsewhere (5) : (1) the capacity of suit- 
ably prepared renal extracts to inhibit the pressor effects of renin; 
(2) the spontaneous reduction of the blood pressure of hj^jer- 
tensive rats during the late stages of pregnancy due conceivably 
to the development of the fetal kidney; (3) the capacity of renal 
extracts to lower the blood pressure of hj'pertensive rats and dogs. 

The present report describes a relatively simple procedure which 
we have found suitable for preparing renal extracts capable of 
eliciting the results enumerated above. Since the active principle 

Aided by grants from the Josiah Macy, Jr., Foundation, and from 
Mr. Joe Werthan. 
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is effective when administered orally, it is unnecessary to effect a 
high degree of purification of the final extract.' The problem 
resides in concentrating the effective agent present in a large mass 
of renal tissue to a sufficiently small volume. 

Methods 

Fresh kidneys derived from various animals— pigs, beef, and 
dog — ^have been used. Since pig kidneys are most readily avail- 
able and cheapest, most of our work has been carried out rvifh 
these. Immediately after removal from the body, the kidnej-s 
are finely ground into 0.25 n hydrochloric acid, approximately 
2 liters of the acid solution being used for each kilo of tissue. The 
mixture is stirred occasionally, allowed to stand for at least 12 
hours, and pressed through cloth. The residual glands arc e.x- 
tracted once more with aqueous acid and again pressed. The 
insoluble glandular residue is now discarded. 

The combined acid extracts are carefully neutralized with 5 x 
sodium hydroxide to a pH of 3.9 to 4.1. The purpose of adjusting 
the acidity to this point is to reduce the amount of inert protein. 
The mixture is now filtered through cloth, giving a clear 3 ^elIo\v 
solution. This filtrate is acidified to reduce the pH to about 2.0 
to 3.0. About 1.5 volumes of a saturated solution of ammonium 
sulfate are now added to the filtrate and the mixture set aside in 
the ice chest overnight. 

The precipitate formed by the ammonium sulfate is collected 
on a Buchner filter and thoroughly dried. Covering the precipi- 
tate with a little water or sodium chloride solution before it 
becomes impacted on the filter permits the removal of much of 
the ammonium sulfate trapped in the precipitate. Each pound 
of kidneys yields about 1.6 to 3 gm. of precipitate at this stage. 
This crude precipitate is satisfactory for the treatment of rats 
and may be administered by incorporation into the animaTs food. 

To concentrate the active principle, the precipitate obtained 
as described above is finely powdered and extracted four or five 
times with an equal volume of 50 per cent aqueous acetone. The 
mixture is filtered after each extraction and the combined filtrates 
reduced in vacuo at 35-40° until all the organic solvent is removed. 
A lipoidal mass is deposited during this procedure, which contains 
but slight activity, if the ammonium sulfate content of the crude 
precipitate is not excessive. 
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The aqueous solution obtained as just described is chilled and 
filtered to give a dark yellow or light brown clear solution. This 
solution which is slightly acid is neutralized with 0.1 n NaOH and 
shaken with decolorizing charcoal (about 2 gm. of charcoal per 
100 cc. of solution) to remove the coloring matter. The clear, 
almost colorless solution is now again precipitated -with ammonium 
sulfate as in the original procedure. 

We have found the above procedures convenient for preparation 
of the extract in the laboratory. Several modifications and 
alternative procedures have also been used and will be described 
briefly. To preser^-e better the active principle, the kidneys may 
be groxmd with an organic solvent — acetone, alcohol, or benzene. 
The active principle is not appreciably soluble in these liquids 
and hence must be subsequentl 3 ' extracted with a neutral or acid 
aqueous solution after the organic solvent is removed. For this 
reason we have omitted the use of the organic solvent except where 
the glands were to be preserv’ed for a long time before extraction. 

Instead of using ammonium sulfate as a precipitant we have also 
precipitated the active material by saturating the acidified filtrate 
n-ith sodium chloride. This procedure is more convenient and 
less expensive than that invohdng the use of ammonium sulfate 
but is less satisfactory in so far as final jnelds are concerned. 

An alternative method, which we have also utilized, combines 
and simplifies the several steps outlined above but does not 
uniformlj' give as good jdelds and involves the ime of a large 
volume of acetone (or alcohol). In this procedure, the acid extract 
of the kidney prepared as already described and brought to pH 
4.0 is treated with an equal volume of acetone (or alcohol), and 
the mixture is filtered through cloth. The clear filtrate is acidified 
to pH 2.5 and an equal volume of saturated ammonium sulfate is 
added. This mixture is thoroughl}' shaken and allowed to stand 
for several hours in the refrigerator. The precipitate which forms 
at the zone of contact of the two la 5 'ers and which contains much 
of the active principle is now collected and thoroughlj’^ dried on a 
Buchner funnel. The jdeld of the active substance obtained by 
this simplified procedure is less than that derived by the first 
method described. 

* Charcoal adsorbs only small amounts of the active principle from 
neutral aqueous solutions. However, it adsorbs it very efficiently from a 
SO per cent aqueous solution of alcohol or acetone. 
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Since the active principle is insoluble in organic solvents, it is 
also possible to remove it from aqueous solution by the addition 
of at least 10 volumes of acetone. Although useful for extracting 
small batches of glands and avoiding the use of ammonium sulfate, 
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Fig. 1. The effect of renal extract administered orally on the Wo< 

pressure of hypertensive rats. The upper curve dlustrates a ^ ^ 

decline in blood pressure, sustained for several days, ^ plii 

ministration of renal extract. The middle curve 

of short duration induced on two separate occasions by feed> g 

amounts of an active fraction. The lower 

reduction following the administration of a relatively 

extract for a short period of time The deration of admmist 

signified by the black blocks. Each curve represents va 

Sued on a series of four rats. • not receiving renal extract, O receiv 

renal extract. 
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this procedure is more laborious and expensive than that already 
described. 

Only fresh glands have been found to yield active extracts. The 
active principle (as is also the case Vi-ith many endocrine products) 
is apparently rapidly destroyed in the gland after removal from 
the body. 

Results 

To determine the activity of the extracts obtained by the 
procedures described above, we have utilized the rat rendered 
hypertensive by partial nephrectomy according to the technique 
described by Chanutin and Ferris (2). Systolic blood pressures 
were determined by the procedure previously described (6). 

In Fig. 1 is reproduced a typical experiment based on the average 
pressures obtained on three series of four rats each. As might 
be anticipated the reduction in blood pressure is dependent 
on its initial level. Thus a given amount of extract will lower 
the blood pressure of rats whose initial systolic pressures are 200, 
180, and 160 mm., to 150, 140, and 130 mm. respectively. This 
reduction of the blood pressure by an amoimt which is approxi- 
mately one-half the increment of pressure above 100 mm. ser\'es 
as a convenient and sensitive method for determining the potency 
of a given extract. In general the extract obtained from a pound 
of Mdneys suffices to lower the blood pressure of two to eight 
h3rpertensive rats to approximately normal levels. 

There appears to be a seasonal variation in the content of the 
active principle similar to that observed in the case of thyroid, 
adrenal cortical, and other hormones. Application of the above 
methods to blood, liver, spleen, lung, and placenta yielded extracts 
of inappreciable potency. 

Administration of the extract to dogs rendered hypertensive 
by the application of a Goldblatt clamp has likewise been followed 
by reduction in blood pressure. Several patients have also dis- 
played a moderate decline in blood pressure following the ingestion 
of the extract. These results will be described in detail elsewhere. 

DISCUSSION 

Unlike the non-specific depressor substances present in organ 
extracts, the substance with which we are concerned here does 
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not reduce the blood pressure of normal animals. The long period 
of its action and its activity when administered orally also sharply 
differentiate it from any of the known depressor substances. 
Further evidence, however, is necessary before it can be estah- 
lished that the principle present in our extracts is a normal physio- 
logical constituent of the kidney, the absence of which is 
responsible for the development of hypertension. 

Only preliminary attempts have thus far been made to isolate 
the active principle and study its chemical properties. The active 
substance is relatively stable and, as evidenced by its effectiveness 
when administered orally, it is not of protein nature. It i; 
relatively stable in aqueous dilute acid but loses its activity ir 
alkaline solution. 

The active principle with which we have been concerned differs 
from that utilized by several previous workers who prepared 
alcohol-soluble phenolic derivatives of renal tissue. These sub' 
stances act onl}'’ on parenteral injection and, we believe, througl 
their toxic effects. They^ are discarded in our method ol 
procedure. 

SUMMARY 

A method is described for the preparation of renal extracts 
which are capable of reducing the blood pressure of animals witl 
experimental hypertension. The active principle is non-proteir 
in nature, water-soluble, and is effective when administered orally 
Its behavior is unlike that of any^ of the known non-specifii 
depressor substances present in organ extracts. The latter an 
for the most part ineffective when administered orally and ever 
such effects as are obtainable following parenteral injection an 
only of brief duration. Its solubility in water but insolubility 
in organic solvents also sharply differentiates the effectivi 
principle from many well known non-specific depressor substance; 
present in tissue extracts. 
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Until recentl}" the study of degradation products from cevine 
has been confined to the mixtures obtained by pyrolytic pro- 
cedures such as selenium dehydrogenation and soda lime dis- 
tillation. However, in a recent (1) short commumcation the 
isolation was recorded of a non-nitrogenous acid, ChHhOc, which 
resulted in appreciable yield by the oxidation of cevdne with 
chromic acid. The study of this acid has now been carried further 
and, while confirming this formulation, has given information 
which affords a suggestion of its general nature. For convenience 
the designation deceidnic add has been adopted for this acid. 

On being heated with sulfur at about 300°, dece^'inic acid was 
rapidly dehydrogenated and from the melt a crj'stalline sub- 
stance was isolated (melting at 245-246°) which appeared to be 
the major product and analj'sis of which agreed with a formula 
CizHeOi. The formulation of the substance, -its beha\dor towards 
alkali (2 moles were required), the phenolic color reactions ex- 
hibited b3" it, and its melting point suggested at once 2-hj’droxj'^- 
1,8-naphthalic anhj’-dride (I) which has already been described 
(2) \s-ith the melting point 245-246°. After saponification with 
stronger alkali it was degraded with loss of CO2 to a monobasic 
acid which corresponded in properties with those recorded for 
2-h3'droxj^-8-naphthoic acid (2). The identit3' of the h3'drox3^- 
anh3'diide, CnHeOi, was confirmed b3’ methydation to a mono- 
methyl ether, CnHsOj, which was shown by comparison in prop- 
erties and mixed melting points to be identical with 2-methox3'- 
naphthalic anhy'dride (2, 3). The latter was obtained by' oxida- 
tion of 3-methoxyacenaphthenequinone (4). These observations, 
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barring rcarrangBments, at once indicate that decevinic acid must 
possess a hydronaphthalene ring system which in turn constitutes 
a portion of the cevine molecule. A study of the behavior of this 
acid towards alkali and also on acetylation and meth 3 dation has 
given information from which certain tentative conclusions may 
be drawn. 

As previously reported (1), titration of decevinic acid in the 
cold with alkali has shown the presence of two acid groups or of an 
acid and a labile lactone group. When the acid was refluxed with 
excess 0.1 n alkali, no appreciable additional alkali was con- 
sumed. However, with n alkali an additional equivalent was 
required with degradation to the acid to be described below. 
With diazomethane decevinic acid yields, as reported, a dimethyl 
derivative. More recently with acetic anhydride an acdi/l- 
decevinic acid has been prepared. The latter on methylation 
gave an acetyldecevinic methyl ester which proved to be a mono- 
methyl ester. Since the above dimethyl derivative could not be 
acetylated, the acetyl group must be assumed to occupy the same 
position as one of the methyl groups. The dimethyl derivative 
on careful titration in the cold consumed only 1 equivalent of 
alkali but when heated with 0.1 n alkali an extra equivalent was 
required. In the former case partial saponification occurred, 
since the product which was isolated proved to be a monomelhyl 
derivative of decevinic acid. Like the original dimethyl derivative, 
this also could not be acetylated. 

If the above acetyldecevinic methyl ester was refluxed with 
methyl alcohol, the acetyl group was removed with production 
of a decevinic monomethyl ester isomeric with the above mono- 
methyl derivative. Contrary to the latter, its methyl group was 
so labile towards alkali that it behaved on direct titration like 
decevinic acid itself and consumed almost directly 2 equivalents 
of alkali. It appears, therefore, that acetylation must occur at 
the same point as that occupied by the more stable methyl group. 

Two possible interpretations can be considered to explain these 
observations. Decevinic acid may be a dibasic acid in which one 
carboxyl group forms a more stable ester than the other. To 
explain the failure of the dimethyl or stable monomethyl deriva- 
tive to acetylate, it would be necessary to assume that sucli 
acetylation can occur only on the carboxyl group which forms the 
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stable ester group; in other words, production of a mixed anhy- 
dride. Otherwise, decevinic acid must be a monobasic lactone 
acid containing a labile lactone group and also an enolic hydro.xyl 
group which is the point of acetylation as well as of methylation. 
The latter alternative fits in best with a number of observations 
which have been made. The characteristic color reactions given 
with ferric chloride support the presence of an enolic hydroxji 
group. 

Of importance is the read 3 ’- degradation of decevinic acid with 
alkali. Although imder gentle conditions 2 equivalents of alkali 
are consumed, under more vigorous conditions a 3rd equivalent is 
used up and CO 2 is split off with simultaneous addition of a mole of 
HjO with the production of an add, which no longer gives 

the prompt t 3 qjical reaction with ferric chloride. This acid 
titrates as a dibasic acid (or monobasic lactone acid) and forms a 
dimethyl derivative. No other characteristic derivative was ob- 
tained from this acid. However, when distilled or heated with 
alkali, further degradation occurred with CO 2 cleav’age to a helo- 
laclone, CnHuOa. This substance although neutral to sodium 
carbonate solution consumed 1 equivalent of alkali owing to 
cleavage of a lactone group. The presence of a carbon 5 d group 
was shown bi-- the formation of both an oxime and a phenylhydra- 
zone. 

This series of degradations when considered with the production 
of a naphthalic anhj'dride derivative on dehydrogenation places 
limitations on the positions which can be assigned to the remain- 
ing carbon atoms other than the 1 and 8 carbon atoms of h 5 ’^droxj^- 
naphthalic anhydride. Apparently, one of these must be an 
angular methji group situated on a carbon atom common to both 
rings. The 2nd carbon atom could be attached either direct^’' 
to the ring sj'stem as a carboxyl (a lactone) carbon atom or to a 
side chain from which one of the carboxjd groups of hydroxy- 
naphthalic anhj’^dride arises. In the latter case, this requirement 
would be met bj’’ an a-keto acid (or lactone) side chain. 

The behavior of decevinic acid towards alkali is perhaps more 
easilj’' e.xplained b 3 ’’ the first assumption. In this case it would 
have to be a dibasic lactone acid. The fact that it requires more 
vigorous treatment with alkali for the consumption of a 3rd equiv- 
alent of alkali which inv’olved loss of CO 2 can be due either to 
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resistance to sapoizifieation or to rapid relactonization during 
titration under the gentler conditions. The production of the 
CisHifiOfi derivative and in turn the ketolactone, CijHjcOj, can be 
simply explained by successive loss of carboxyl groups and final 
relactonization presumably on a double bond. There remain, 
however, certain observations which are difficult to harmonize 
with this interpretation. Among these is the fact that the con- 
densation product with o-phenyienediamine described below 
must involve the lactone group and, if a glyoxaline derivative, 
would still be a dibasic acid, which is contrary to our experience. 

A second possibility is the formula (II) of an a-ketolactone acid. 
This structure was first suggested by the fact that decevinic acid 



III JV 


was found to react readily with o-phenylenediamine to give in 
good yield a conde?isaiion prodtict, involving the loss 

of only 1 mole of water and which on titration behaved as a 
monobasic acid. If this product is a hydroxyquinoxaline deriva- 
tive (or even a glyoxaline derivative) arising in a normal manner 
from the condensation with the a-ketoJactone group and simulta- 
neous opening of the latter, only 1 mole of water would be lost. 
Such a condensation product would still be a monobasic acid. The 
conversion of such an a-ketolactone acid on saponification with 
loss of CO2 and addition of water would require certain involved 
rearrangements in order to lead to a structure (III) for the dibasic 
acid CisHieOs. The latter on decarboxylation and lactonization 
could then give a structure (IV) for the ketolactone, CwHieOj. 


L. C. Craig and W. A. Jacobs 


127 


Such interpretations can be at the moment only tentative and it 
is hoped to obtain other clarifjdng evidence. 

Hj'drogenation studies vrith this series of substances, although 
still incomplete, have given results vrhich vrill have to be con- 
sidered in the final interpretation of their nature. Decevinic acid 
on hydrogenation yielded a mixture which could not be directly 
crj'-stallized. After low pressure distillation, however, accom- 
panied apparently by water cleavage, a substance was obtained 
which after reciystallization gave analytical figures agreeing -with 
a formulation C14H20O1. Although on direct titration 2 equiv- 
alents of alkali were consumed, it gave only a monomethyl ester, 
The acid must therefore be a monobasic lactone acid. 

The above ketolactone, CuHieOa, on hydrogenation jielded a 
mixture from which two substances were isolated for which the 
provisional formulas CuHi&Oj and CuHi^Oj have been derived.. 
The former was produced presumably by reductive cleavage of 
the lactone group to the desoxy acid and subsequent relactoniza- 
tion on the hydroxyl group produced by reduction of the carbonyl 
group. The substance CuHuOa represents possibly an inter- 
mediate step. 

The above observations are by no means sufficient to permit 
final conclusions as to the structure of decevinic acid. The pos- 
sible ori^ of a hydronaphthalene derivative from the ring system 
of cevine will be considered elsewhere in the discussion of results 
obtained in the degradation of this alkaloid by other methods. 

EXPERIMENTAL 

Dehydrogenation of Decevinic Acid — A. well ground mixture of 
1 gm. of decevinic acid and 0.23 gm. of sulfur was placed in a 
test-tube with the upper end sealed to a smaller glass tube to act 
as an air condenser. Before heating, the air was replaced by 
nitrogen. The temperature of the salt bath was slowly raised 
until gases were evolved. This occurred suddenly at about 300° 
and was rapidly ended. After 5 minutes heating was inter- 
rupted. 200 cc. of gas were evolved. Nothing appeared to con- 
dense in the tube above the reaction mixture with the exception 
of a small amount of crystalline material just above the melt. 
This suggested absence of water formation during the dehydro- 
genation. 
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The melt was broken up and extracted with boiling acetone. 
This extract after evaporation was fractionated in a molecular 
still. 0.32 gm. of material distilled up to an oil bath temperature 
of 150° under a pressure of 0.001 mm. or less. Upon recrystal- 
lization from acetone 0,145 gm. of yellow needles was obtained 
which had a micromelting point of 245-246°. Dziewonski and 
Koewa (2) reported 245-246° for 2-hydroxynaphthalic anhydride. 

CisH« 04 . Calculated, C 67.28, H 2.82; found, C 67.45, H 3.11 

“ “ 67.35, “ 2.99 

10.57 mg. of substance suspended in alcohol were titrated 
against phenolphthalein with 0.1 n NaOH. After the material 
was heated with a slight excess of alkali and titrated back, a total 
of 1.108 ce. was required. The end-point was not easily seen 
because of the color of the substance itself; calculated for 2 equiv- 
alents, 0.987 cc. 

The substance gave a red color in alcoholic solution with ferric 
chloride and coupled with diazotized sulfanilic acid to give a red 
color. 

0.075 gm. of this anhydride was heated in a solution of 0.3 gm. 
of NaOH in 1 cc. of water for 1.5 hours on the steam bath in an 
atmosphere of hydrogen. The acid which precipitated on acidi- 
fication was extracted with ether and recrystallized twice from 
dilute ethyl alcohol with bone-black. The resulting substance 
melted at 257-259°. Dziewofiski and Koewa (2) reported a 
melting point of 257° for 2-hydroxy-8-naphthoic acid. 

CnStOs. Calculated, C 70.22, H 4.28; found, C 69.95, H 4,54 

The substance gave a color with FeCh and coupled with diazo- 
tized sulfanilic acid. 

8.967 mg. of substance dissolved in alcohol were titrated against 
phenolphthalein with 0.1 N NaOH; found, 0.571 cc.; calculated 
for 1 equivalent, 0.477 cc. On being heated with excess alkali, 
no additional alkali was consumed. 

60 mg. of the above anhydride were treated in acetone with 
excess diazomethane. Long slender needles were obtained from 
acetone, which melted at 256-257°. 

CisHbO*. Calculated. C 68.42, H 3.53, OCH, 13.60 
Found. “ 68.36, “ 3.70, “ 13.13 



129 


L. C. Craig and W. A. Jacobs 

^This no longer gave a color with FeClj and did not couple with 
diazotized sulfanilic acid. A mixed melting point with synthetic 
2-methoxynaphthalic anhj'dride showed no depression and it 
corresponded in other properties with the synthetic material. 
The latter was prepared by o.xidation with K]\InO< in acetone 
solution of 3-methoxjncenaphthenequinone which was obtained 
according to the directions of Staudinger, Goldstein, and Schlen- 
ker (4). The anhydride was recrystaUized from acetone and 
melted at 256-257°. Dziewonski and Koewa (2) and Daides, 
HeUbron, and Indng (3) reported a melting point of 255°. 

C,jH 504. Calculated, C 68.42, H 3.52; found, C 68.51, H 3.33 

Decemnic Acid — Since the detaUs of the method of preparation 
and properties of this substance and its ester could not be recorded 
in the earlier communication (1), they are now given in detail. 

20 gm. of recrj'stallized cevine were dissolved in a mixture of 
200 cc. of HjSOi (1.84) and 800 cc. of water. 100 gm. of CrOj 
were then carefully added with cooling to avoid appreciable rise 
in temperature. Vigorous evolution of gas occurred during the 
addition of the reagent. After standing at room temperature for 
an hour, the solution was refluxed for an hour. It was then 
cooled and the excess of chromic acid was reduced with hydrazine 
hydrate. The mixture was then continuously extracted with 
ether overnight and the resulting ether extract was decanted from 
a small amount of a green solid deposit. It was dried over 
anhydrous MgS 04 and the solvent was boiled off. The colorless 
liquid residue weighed approximately 10 gm. It was water- 
soluble and of acid character. Since repeated efforts to obtain 
crystalline material directlj^ from this liquid were unsuccessful, 
it was treated as follows : 

The mixture was heated in a flask through which a eurrent of 
N was passed for an hour in an oil bath held at a temperature of 
180°. During this heating crystalline material appeared in the 
melt and slow evolution of a gas was apparent. The melt was 
then treated with 4 volumes of ether and, after trituration in or- 
der to dissolve sticky material, the crj'staUine residue was collected 
with a little ether. It weighed 2 gm. Upon recrystallization 
from acetone the product melted at 2r3— 278° with decomposition. 
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[ajp = +47.6° (c = 0.925 in pyridine) 

CwHhOs. Calculated, C 60.41, H 5 . 07 ; found, C 60.51, H 5.20 

“ “ 60 . 45 , “ 5.14 

0.0150 gm. of substance in 2.6 cc. of ethyl alcohol was titrated 
against phenolphthalein with 0.1 n NaOH; found, 1.114 cc.; 
calculated for 2 equivalents, 1.082 cc. No appreciable additional 
alkali was consumed after the substance was boiled for 2 hours 
with excess 0.1 n alkali. 

0.200 gm. of substance was suspended in 1 equivalent of n 
N aOH. The end-point to phenolphthalein was reached only after 
addition of a 2nd equivalent or a total of 1.44 cc. of NaOH. 
Solution was just complete at this point. More alkali was then 
added until a total of 4.00 cc. had been reached. The solution 
was heated on the steam bath in an atmosphere of hydrogen for 1 
hour and then titrated back with N HCl. Inclusive of the above 
1.44 cc., a total of 2.08 cc. of NaOH was consumed; calculated for 
3 equivalents, 2.16 cc. The substance, CisHieOs, reported below, 
could readily be isolated from the hydrolysate. 

The Methyl Ester, CieHizOe — 0.1 gm. of decevinic acid was dis- 
solved in acetone and treated with an excess of diazomethane. 
Addition of ether to the concentrated solution gave a slight 
turbidity followed by crystallization. 70 mg. of rhombic crystals 
were obtained which melted at 165-166°. 

CnHiaO,. Calculated. C 62.75, H 5.92, OCH, 20.26 
Found. “ 62.96, " 6.07, " 19.90 

“ “ 62.73, “ 6.01 

The molecular weight determined by the Rast method was found 
to be 326; calculated, 306.14. 

0.0149 gm. of the ’ester in 3 cc. of ethyl alcohol was titrated 
against phenolphthalein with 0.1 N NaOH; found, 0.478 cc.; 
calculated for 1 equivalent, 0.483 cc. After addition of excess 
0.1 N NaOH and after refluxing for 2.5 hours an additional 0.437 
cc. was consumed. The end-point was not very sharp because of 
an interfering color. This titration behavior was a little different 
from the titration in aqueous n NaOH. 

0.200 gm. of the dimethyl ester was treated directly in the cold 
with N NaOH. As more NaOH was added, it dissolved but a 
point alkaline to phenolphthalein was not reached until 0.660 



131 


L. C. Craig and W. A. Jacobs 

cc. had been added; calculated for 1 equivalent, 0.654 cc. All the 
ester -n-as in solution at this point. When excess NaOH vras 
added and the solution was heated on the steam bath for 1 hour, 
the alkaline decomposition reported below occurred with forma- 
tion of the substance CijHisOj. 

Acetyldecevinic Acid — 0.4 gm. of decevinic acid was refluxed 
with 10 cc. of acetic anhj’dride for 1 hour. After removal of ex- 
cess reagent ndth toluene the residue was crj'stallized from ace- 
tone. 0.3 gm. of fiat needles was obtained which melted at 169- 
171° ndth pre'vdous sintering. 

The substance is soluble in dilute carbonate in the cold and 
gives a strong test with ferric chloride when dissolved in ethjd 
alcohol. 

CuHhOt. Calculated, C 59.98, H 5.04; found, C 60.24, H 5,11 

0.117 gm. of the substance was titrated directly against phe- 
nolphthalein ndth 1.1 N NaOH. 0.980 cc. was required ; calculated 
for 3 equivalents, 0.996 cc. After addition of excess n alkali and 
heating for an hour, an additional mole was consumed as in pre- 
vious cases, 

Acetyldecevinic Methyl Ester — 0.1 gm. of the above acetyl deriva- 
tive was esterified with diazometbane in acetone. It crystallized 
readily on addition of ether to the concentrated solution. 0.06 
gm. of leaflets was obtained which melted at 182-183°. 

CitHuO,. Calculated. C 61.06, H 5.43, OCH, 9.28 

Found. " 61.03, " 5.49, “ 9.11 

0.0049 gm. of substance on direct titration with 1.01 N NaOH 
against phenolphthalein required 0.0410 cc.; calculated for 3 
equivalents, 0.0436 cc. 

Decevinic Methyl Ester — 0.06 gm. of the above acetjd derivative 
was refluxed in 2 cc. of methyl alcohol for 2 hours. The solution 
crj’stallized on concentration. 0.021 gm. of the ester was col- 
lected which melted at 242-245°. 

CuHieOe. Calculated. C 61.62, H 5.52, OCH, 10.60 

Found. '■ 61.27, " 5.60, “ 7.25 

0.0049 gm. when titrated against phenolphthalein with 1.01 
N NaOH required 0.0315 cc.; calculated for 2 equivalents 
0.0332 cc. 
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Partial Hydrolysis of the Ester, CwHisOa— 0.1 gm. of the ester 
was treated with 0.300 cc. of 1.1 n NaOH and the mixture was 
slightly warmed until just all in solution. It was treated wth fl 
slight excess of HCl and the material which separated was as- 
tracted with ether. The ether solution was dried over anhydrous 
MgSO.i, and then concentrated somewhat when crystallization 
occurred. 70 mg. of substance were collected which melted at 
128°. 

CitHisOe. Calculated. C 61.62, H 5.52, OCH, 10.61 
Pound. “ 61.88, “ 5.51, “ 10.29 

0.082 gm. of substance on direct titration with 1.1 u NaOH con- 
sumed 0.285 cc.; calculated for 1 equivalent, 0.255 cc. Boiling 
with acetic anhydride failed to form an acetyl derivative of this 
substance. 

Condensation of o-Phenylenediamine with Decemiic Acid—l gm. 
of decevinic acid and 0.78 gm. of o-phenylenediamine were dis- 
solved in sufficient hot methyl alcohol. The methyl alcohol wa.s 
then boiled off and the residue was heated on the steam bath for 

1 hour. The crystalline material was recrystallized from a large 
volume of methyl alcohol. 0.48 gm, of yellow flat columns was 
obtained which melted at 300-302°. It was soluble in dilute 
carbonate and did not give a color test ivith ferric chloride. 

CioHjoOsNi. Calculated, C 65.20. H 5.47, N 7.60 
Found. “ 65.44, “ 5.49, “ 7.85 

0.125 gm. of substance on direct titration with 1.1 N NaOH 
required 0.315 cc.; calculated for 1 equivalent, 0.309 cc. Excess 
alkali was then added and the solution was heated for an hour on 
the steam bath. 0.542 cc. more of alkali was consumed. The 
end-point in this case was not sharp owing to interfering color. 

Alkaline Degradation of Decevinic Acid. The Acid, CizHieOt,— 

2 gm. of decevinic acid were treated with a solution of 6.4 gm. of 
NaOH in 20 cc. of water. The solution was allowed to stand nt 
room temperature for 2 hours and then acidified with HCl. COa 
was evolved. The insoluble material which separated was ex- 
tracted with ether. The dried ether extract gave, on concen- 
tration, a residue which was crystallized from acetone-cthcr. 
0.43 gm. of substance was obtained. After recrystallization it 
melted at 150-155° with effervescence. 
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CijHnOs. Calculated, C 61.88, H 6.39; found, C 61.92, H 6.54 

The substance dissolved in alcohol did not give a color test with 
ferric chloride. 

13.410 mg. of substance when titrated against phenolphthalein 
with 0.1 N NaOH consumed 1.057 cc. After addition of excess 
gll-ali and heating no more alkali was consumed; calculated for 
2 equivalents, 1.064 cc. 

The Dimethyl Ester, CisHtoOs— 0.1 gm. of the above acid was 
esterified in acetone ■with diazomethane. The ester could not be 
crystallized and was distilled in a high vacuum. The distillate 
which was a clear viscous oU was anal}'zed as such. 

CnHjoOs. Calculated. C 64.24, H 7.19, OCH, 22.13 
Found. “ 63.43, " 7.12, “ 21.20 

The Ketolaclone, CaHuOa — 0.1 gm. of the above acid, CijHieOs, 
was placed in a small sublimation apparatus under 0.1 mm. pres- 
sure. “When a temperature of 180° was reached, a stickj' viscous 
resin distilled. This was accompanied by gas evolution as eid- 
denced by a fall in the pressure. The distillate crj^stallized readili' 
from ether. After recrj'stallization from acetone it melted at 
165-168°. Ia]“ = -50° (c = 0.99 in chloroform). 

CijHijOj. Calculated, C 69.19, H 7.75; found, C 69.33, H 7.88 

The substance was not soluble in sodium carbonate solution 
and the solution in alcohol did not give a color test -with ferric 
chloride. 

14.497 mg. of substance on direct titration against' phenol- 
phthalein ■nith 0.1 N NaOH consumed 0.745 cc.; calculated for 1 
equivalent, 0.697 cc. After addition of excess alkali and heating, 
no more alkali was consumed. 

The substance did not react with diazomethane in acetone solu- 
tion. 

The Phenylhydrazone — 0.025 gm. of the above ketolactone was 
treated with 0.05 gm. of phenylhydrazine and warmed a moment 
on the steam bath. The resulting melt was crj’-stallized from ethyl 
alcohol. 0.01 gm. of needles was obtained which melted at 175- 
178°. 


CiiH5.0jN-. Calculated, C 72.46, H 7.43; found, C 72.35, H 7.40 
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The Oxime — 0.03 gm. of the ketolactone in 5 cc. of ethyl alcohol 
was treated with a solution of 0.1 gm. of hydroxylamine hydro- 
chloride dissolved in 1.2 cc., of 1.1 n NaOH. The solution was 
concentrated on the steam bath. On cooling, needles separated 
which after collection with water melted at 194-195° rvith pre- 
vious sintering. 

CijHnOjN. Calculated, C 64.57, H 7;96; found, C 64.67, H 7.61 

Catalytic Hydrogenation of Decevinic Add — 0.5 gm. of the acid 
suspended in 40 cc. of alcohol was shaken with 0.15 gm. of the 
platinum oxide catalyst of Adams and Shriner under a hydrogen 
pressure of about 3 atmospheres. After 24 hours no more hydro- 
gen was absorbed and all the substance was dissolved. Ap- 
proximately 4.7 moles of hydrogen were absorbed. After removal 
of the catalyst and evaporation of the solvent the residue could 
not be induced to crystallize. It was therefore placed in a molecu- 
lar still. As distillation was effected, a gas appeared to be split 
off from the material, since pressures under 0.01 mm. could not 
be maintained during the process. 0.33 gm. distilled up to an 
oil bath temperature of 170°. The distillate crystallized from 
ether and yielded 0.13 gm. of substance which melted at 205- 
230°. After two recrystallizations from acetone 0.055 gm. of 
long narrow plates was obtained which melted at 237-239°. The 
melting point did not change on further recrystallization. 

CmHsoO^. Calculated, C 66.64, H 7.99; found, C 66.94, H 8.12 

" “ 66.64, " 7.58 
" “ 66.99, " 7.74 

0.0079 gm. of substance when titrated against phenolphthalein 
with 1.01 N NaOH required 0.0610 cc.; calculated for 2 equivalents, 
0.0621 cc. 

The Methyl Ester — 0.03 gm. of the above acid was esterified in 
acetone with diazomethane. The solution upon evaporation 
yielded a residue which crystallized from ether. 0.015 gm. of 
needles was collected which melted at 127-128°. The melting 
point was unchanged by further recrystallization. 

CuUziOa. Calculated. C 67.62, H 8.33, OCH, 11.65 

Found. " 67.82, " 8.26, " 11.72 

" “ 67.91, " 7.64 

" " 67.76, “ 8.04 
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Hydrogenation of the Ketolaclone, CuHuOs — 0.1 gm. of substance 
was hj^drogenated ■with 0.05 gm. of platinum oxide catalyst in 3 
cc. of alcohol, under 3 atmospheres pressure. After 1 hour ab- 
sorption was completed at approximatel}’’ 1.7 moles of hydrogen 
above that required by catalyst. The residue obtained after 
removal of the solvent crj'stallized nicely from ether-petroleum 
ether mixture but the crystals did not appear to be homogeneous 
and melted at 80-90°. The analytical data suggested loss of 
oxygen as well as hydrogenation. Since fractional crystallization 
did not appear to jdeld a homogeneous product, fractional dis- 
tillation was attempted. 

A second run of 0.1 gm. was combined with the first and the 
resulting material amounting to 0.18 gm. was fractionated in a 
small still (5 cm. column) of the type reported pre'viouslj’- (5). 
Six approximately equal fractions were collected imder 0.1 mm. 
pressure. The first fraction was ciystalline and melted at 90- 
91°; found, C 73.68, H 9.30. The last fraction was semiliquid; 
found, C 69.96, H 9.39. 

The first and second fractions were combined and recrystallized 
from ether. Hea'vy columns were obtained which melted at 97°. 

CijHnOj. Calculated, C 74.19, H 9.35; found, C 74.50, H 9.23 

The final fraction was recrystallized from ether. It melted at 
65-73° with a few crystals persisting up to 90°. This was analyzed 
directly, since there was not sufficient of this material for both 
recrystallization and analysis. 

CijHijOj. Calculated, C 68.54, H 8.63; found, C 69.09, H 8.72 
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The e'v'ident importance of the role of nicotinic acid and its 
amide in nutrition, health, and disease has made it desirable to 
have practical methods for their quantitative determination in 
the body fluids and excretions in order to protide objective criteria 
for use in clinical investigation. 

Numerous methods for the determination of nicotinic acid based 
on colorimetric reactions of the pyridine ring have been published. 
Karrer and Keller (1) and Vilter, Spies, and Mathews (2) based 
their tests on the reaction of pyridine with 2,4-dinitrochloroben- 
zene in the presence of an alkali hydroxide, Swaminathan (3), 
Shaw and Macdonald (4), and Ritsert (5) based their tests on the 
reaction of nicotinic acid in the presence of cyanogen bromide 
with aniline in either aqueous or alcoholic solution. In these 
procedures the methods are tedious, the color unstable, and inter- 
ference from urinary pigments occurs. 

Recently, Bandier and Hald (6) have described a colorimetric 
method based on a modification of the cyanogen bromide-aniline 
procedure, which they showed to be practical and rapid, and, as 
the color produced was stable over several hours, serial determina- 
tions were thereby facilitated. They found that p-methylamino- 
phenol sulfate (metol, Agfa) with nicotinic acid and cyanogen 
bromide in aqueous solution in the presen.ee of potassium hy- 
drogen phosphate (KHiPO<) pelds a clear yellow color which is 
constant, stable, and directly proportional to the concentration 
of nicotinic acid. The same color is obtained with nicotinamide. 
This method is quite specific, as Bandier and Hald found no colora- 

137 



138 


Nicotinic Acid Determination 


tion with small amounts of pyridine, or with picolinic acid, a-pic- 
oline, trigonelline, or methylpyridinium chloride, all p^dine 
derivatives occasionally found in the urine. 

We have modified Bandier and Hald’s colorimetric procedure 
for the quantitative determination of nicotinic acid so as to provide 
an index of urinary excretion of nicotinic acid, nicotinamide, and 
other pyridine derivatives that are related to the pellagra-preven- 
tive factor. It is not as yet known whether nicotinic acid and 
nicotinamide represent the total excretory forms of the pellagra- 
preventive factor. It is expedient, however, in view of the 
work of Askeldf and Holmberg (7) and Porje (8) to assume that 
in man the pellagra-preventive factor is probably excreted mainly 
as nicotinic acid and nicotinamide, the former in apparently much 
larger proportion. 


Procedure 

2 ml. of the 24 hour urine specimen preserved with thymol and 
kept in a refrigerator are placed in a test-tube; to this are added 
2.5 ml. of 2 per cent potassium hydrogen phosphate solution. 
The test-tube is then heated for 5 minutes in a water bath at 75- 
80°, after which 0.5 ml. of freshly prepared cyanogen bromide 
solution is added. After heating 5 minutes more in the water bath 
the test-tube is cooled under a tap to room temperature and 5 ml. 
of saturated (about 5 per cent at room temperature) fresh aqueous 
metol solution are then added. The maximum color develops 
after standing in the dark for 30 to 35 minutes. This solution 
is then compared in the Klett Summerson (9) photoelectric 
colorimeter (with Filter 42) against a blank (prepared simul- 
taneously) containing the same amounts of cyanogen bromide, 
potassium hydrogen phosphate, metol, and distilled water made 
up to 10 ml. The entire procedure may be carried out in the 
test-tubes in which the colorimetric determinations are made. 
We have found the color to be stable for at least 6 hours, after 
which it slowly fades. 

Correction for color and turbidity of the urine is accomplished 
by treating another 2 ml. sample of urine as above, except that, 
instead of metol, distilled water is added to make up the volume to 
10 ml. The nicotinic acid value of the color as measured in this 
tube is subtracted from the first reading to give the actual amount 
of nicotinic acid. The scale of the colorimeter is calibrated by the 
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use of solutions of kno'svn amounts of nicotinic acid.' A safefac- 
tory range of values for best readings is from 0.005 to 0.050 mg. 
of nicotinic acid. Although the scale of the colorimeter may be 
calibrated once and this scale factor used thereafter, it is preferable 
to redetermine the scale factor by means of a standard nicotmic 
acid solution every time a series of determinations is made, since 
the reagents must always be freshly prepared. 

The cyanogen bromide is prepared by adding slowly 10 per 
cent potassium cyanide to saturated bromine water at room 
temperature to the point of decolorization. As the metol dis- 
solves slowly and the solution must not be heated, the saturated 
metol solution is best prepared by adding sma l l amounts to dis- 
tilled water with thorough shaking. The solution should be pre- 


Table I 

Recovery of Added Nicotinic Acid 






P^ecoTery of added 
nicotinic add 

i 

y 

BB 

7 

7 

per cent 

2.9 

HEH 

4.8 

1.9 

95.0 

12.8 


16.7 

3.9 

97.5 

2.5 

6.0 

8.8 

6.3 

105.0 

3.3 

12.0 

14.5 

11.2 

93.3 


pared in a brown bottle and used within 3 hours of preparation, 
as it oxidizes on standing. 

The error in recovery of added nicotinic acid by the above pro- 
cedure has been foimd to be less than ±7 per cent (Table I). 

Results 

The amount of nicotmic acid excreted in the urine by appar- 
ently normal subjects (resident physicians) consuming pre- 
sumably an adequate general diet was foimd to vary from 3.4 
to 10.2 mg. in 24 hours (Fig. 1). Successive urines from the same 
subject over 2 to 7 day periods showed variations of as much as 
100 per cent. 

The excretion of nicotinic acid in relation to the therapeutic 
response of one pellagrin has been studied. This patient, a 28 

' Kindly supplied by Merck and Company, Inc., Rahway, New Jersey. 
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year-old colored female inebriate, when admitted to the hospifai 
presented a pellagrous stomatitis but no clinical evidence of other 



Fig. 1. Excretion of pyridine derivatives estimated as nicotinic acid in 
normal adults. Column A shows the range of twenty-four determinations 
made on thirteen subjects; Columns B, C, D, and E show the individual 
variations in daily e.\'cretion of four subjects. 



DAY 


Fig. 2. E.xcretion of nicotinic acid in a pellagrin during a control period 
when the diet was low in the B vitamins, while on a high vitamin B diet, 
and when 100 mg. of nicotinic acid were given daily, in addition to the high 
vitamin B diet. The two horizontal dash lines represent the range of 
nicotinic acid found in the urine of thirteen normal subjects. 

vitamin deficiencies. Fig. 2 shows the levels of nicotinic acid 
excretion when the patient was maintained with a diet deficient 
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in the pellagra-preventive factor (control period) (10), vhen she 
was given a diet with a high content of the vitamin B complex 
(11), and when this diet was supplemented with 100 mg. of 
nicotinic acid daily by mouth. It is seen that the patient had a 
low level (2.8 mg.) of nicotinic acid excretion on the 1st day of the 
control period, and that output decreased to zero as the diet 
deficient in the ^^tamm B complex was continued, although the 
stomatitis improved. Changing the diet to one high in the B 
vitamins was reflected by an immediate rise in urinary nicotinic 
acid excretion and a further increase was noted when this diet 
was supplemented by nicotinic acid. 

SUMMAET 

1. We have found that Bandier and Hald’s method is a simple 
and specific procedure for the chemical determination of nicotinic 
acid and nicotinamide in the urine. 

2. With this method the normal urinary excretion of nicotinic 
acid plus nicotinamide, expressed as mg. of nicotinic acid, is found 
to vary from 3.4 to 10.2 mg. in 24 hours. 

3. Urinary nicotinic acid was low in a patient with pellagra, 
disappearing altogether as the diet low in the B vitamins was 
continued. 

4. Administration of a diet high in the B -vitamins, and supple- 
mentary administration of nicotinic acid, caused increases in the 
nicotinic acid excretion. 
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It has long been known that glucuronic acid when boiled in 
HCl in the presence of naphthoresorcinol forms a ptirple ether- 
soluble pigment.. The reaction, first described by ToUens (1), 
is given also by galacturonic acid, and has been widely used as 
a qualitative test for the presence of these substances. The 
limitations on its specificity are summarized in van der Bnar’s 
(2) monograph on the sugars. 

Recently Salt (3) attempted to apply the reaction to the estima- 
tion of glucuronic acid in urine, with only partial success. His 
efforts were directed to the preparation of urine fractions which 
would yield clean violet colors, immixed with the pinkish tones 
which are so troublesome in tests on whole urine. His procedure 
consisted in the separation of glucuronides from other urinary 
constituents by fractional precipitation with lead salts; the forma- 
tion of the colored derivative with naphthoresorcinol, however, 
was performed in the classical manner, which, as will be seen, 
would be unlikely to yield reproducible results. 

The need for a simple and reasonably accurate method of 
determining uronic acids in urine led us to examine the Tollens 
reaction itself, to see whether it might not be adapted to quantita- 
tive use by modifying the conditions under wWcb it is carried 
out. It soon became evident that the conditions ordinarily em- 
ployed are far from optimal for color development. However, 
vhen various factors had been adjusted so as to produce marimum 
amounts of pigment, the sensitivity was markedly increased and 
the color intensity was fovmd to be a linear frmction of the con- 
centration of uroiuc acid. 


• The work reported in this communication was carried out under a 
grant from the "W. K. Kellogg Foundation. 
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The following factors required modification from the original 
form of the reaction; (1) Time of heating xoith HCL Maximum 
color development required several hours, instead of the 1 minute 
boiling period of the classical test. (2) Concentration of HCL 
The optimum acid concentration was 3 parts of concentrated 
HCl to 7 of aqueous solution, instead of equal parts of each. (3) 
Concentration of naphthoresorcinol. The intensity of color de- 
veloped by a given quantity of uronic acid was found to vary 
with the amount of naphthoresorcinol used. However, the 
smaller the excess of this reagent, the cleaner were the colors 
obtained. The amount of naphthoresorcinol added to each 
test was accordingly reduced to one-tenth of thp amount recom- 
mended by Tollens. (4) Dissohition of the pigment. The extract- 
ability of the pigment from the reaction mixture bj’’ ether was 
enhanced by reducing the concentration of acid prior to extraction. 
Other immiscible solvents (benzene, ethyl acetate, petroleum 
ether, chloroform) either failed to extract the pigment or yielded 
unsatisfactory colors. 

Color intensity was measured in the Pulfrich stufenphotoraeter. 
Since the pigment has a well defined absorption maximum at 578 
mfx, Filter S-57 is well suited for its measurement. Under the 
conditions finally adopted as standard, samples could be used 
containing from 10 to 40 y of glucuronic acid, or from 7 to 30 t of 
galacturonic acid, in a volume of 3.5 ml. or less. 

Details of the Estimation 

Reagents Used — 

Naphthoresorcinol (c.p., Eimer and Amend), 1 per cent solution 
in 95 per cent ethyl alcohol. Store in a brown bottle in the re- 
frigerator. 

Ethyl ether, peroxide-free. 

Sodium sulfate, anhydrous. 

Hydrochloric acid, concentrated, c.p. 

Procedure for Glucuronic Acid — Place a sample containing 
from 10 to 40 y of free glucuronic acid in 3.5 ml. of water in a 
centrifuge tube of 10 or 15 ml. capacity. Add exactly 0.1 ml. of 
naphthoresorcinol solution, followed by 1.5 ml. of conccntiate 
HCl. Mix by rotating the tube. Place in a boiling water bath 
or steam bath and heat, uncovered, for 4.5 hours; mix by rotating 
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the tubes every half hour for the first 2 hours. Cool and centri- 
fuge at 2000 E.P.M. for 10 minutes. Remove the bulk of the 
supernatant with a capillary pipette, avoiding disturbance of 
the precipitate, and dilute the remaimng drop or so of fluid with 
about 10 times its volume of water. Extract the aqueous suspen- 
sion with successive small portions of ether (about 1 ml. at a time), 
using a capillary pipette to mix the materials thoroughly, and 
transferring the violet-colored extracts to a test-tube. The total 
volume of pooled extracts should not exceed 6 ml. Dry the 
extract by adding to it a small amount of anhydrous sodium 
sulfate. Filter through fine filter paper (Whatman No. 44 is 
satisfactory) into a 10 ml. volumetric flask, using the capfllary 
pipette to transfer the solution to the filter and washing the filter 
paper dropwise with as much fresh ether as the capacity of the 
flask will allow. With careful washing, the same funnel and 
paper can he used for a series of extracts. Make up to volume. 
Read the solutions as soon as possible in the stuf enphotometer, using 
Filter S-57 and 20 mm. cells, against an ether blank. If there 
is any delay between the preparation of the solutions and their 
reading, protect them from light and keep in the refrigerator. 
With good ether, they may be kept overnight, though this is to 
be avoided whenever possible. 

Procedure for Galaduronic Add — ^For galacturonic acid, the 
worldng range is from 7 to 30 7 per sample, and 2 hours on the 
steam bath suffice for maximum color development. 

Cdlculalion of Results — The color intensities developed by 
known amounts of glucuron' and galacturonic acid monohydrate’ 
are shown graphically in Fig. 1 . The density is that of a 20 mm 
layer of solution. Equations for the conversion of denrity (D) to 
mg. were derived empirically from these data, and are represented 
by the straight lines shown in Fig. 1 . The equations are the 
following. 


(D — O.CIS)/16.7 = mg. glucuronic acid (as CjHioO,) 
(D — 0.0S)/24.5 = mg. galacturonic acid (as CiHkOt) 


The constant 0.08 is in effect a correction for the amount of 
light absorption produced by the reagents alone. (Blank deter- 


n ' specimens of these substances were kindly furnished by 

Dr. W alther Goebel of the Rockefeller Institute. ^ 
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minations yield pale pinkish, straw-colored extracts.) Its possible 
variation from one batch of naphthoresorcinol to another must 
be controlled by determining a blank for each new lot of reagent, 
as the commercial c.p. grade is, brown. 

The range of concentration can be extended in preliminar}^ 
estimations by reading very strong colors in a 10 mm. cell and 
doubling the value of the density thus obtained. Such a reading 



Fig. 1. The relation between the size of the sample of uronic acid and 
the intensity of color developed. 

should be followed by a new determination with a smaller sample, 
calculated to fall within the specified working range, where the 
conversion formula is known to be valid. 

A number of substances, including ■ pentoses, interfere wth 
the qualitative test by developing pink colors which obscure the 
definitive purple pigment. Such substances will of course interfere 
with the quantitative estimation as well, since any light absorp- 
tion of extraneous origin which falls within the range of the filter 
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will register as glucuronic acid. For example, a pure specimen 
of d-arabinose formed a dark blue precipitate with napbtbore- 
sorcinol under the conditions described here. This precipitate 
yielded a rose-colored ethereal extract, with an absorption maxi- 
mum in the range of Filter S-47. However, it also showed ab- 
sorption in the range of Filter S-5i , of the same order of intensity 
as had been obtained with the glucuronic acid pigment. It is 
therefore essential that preparations of uronic acid for estimation 
be free of contaminants which produce overlapping absorption. 



Fia. 2. The rate of color development of glucuronic and galnctirronic 
acids. 

Salt (3) has described a method of preparing suitable fractions 
from urine. 

In an unknown preparation it is of course necessarj- to determine 
whether one is dealing with glucuronic or.galacturonic acid, in 
order to calculate the results. This can readily be done by making 
use of the rate of color development as a criterion. The rates of 
color development of the two acids are shown in Fig. 2, from 
which it will be seen that they are clearly distinguishable.* 

The applicability of the method to a series of preparations from 
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urine was tested by recovery experiments, in which known amount 
of glucuronic acid were added to samples of previously anal^’zec 
material. These experiments are summarized in Table I The 
largest discrepancy between found and calculated values amounted 
to 3 T in 39 y. Duplicates as a rule agreed within 1 or 2 7 . 

Observations on the Reaction 

One feature of the reaction whereby the pigment is formed 
warrants discussion. Not only does the amount of pigment vnrj' 
with the amount of naphthoresorcinol, but the color developed 
by a constant amount of glucuronic acid was found to be linear 
with the logarithm of the naphthoresorcinol concentration (see 
Fig. 3). From this we infer that naphthoresorcinol, besides 


Table I 

Recovery of Known Glucuronic Acid Added to Previously Analyzed Urhu 

Preparations 


Vreparalion No. 

In original sample 
Found 

In sampie + O.OIS zag. known glupuronie nci 

Calculated 

Found 



mu. 


Ac23 

0.008 


0.026 

4 / 

0.018 


0.035 

Sm5 

O.OIl 


0.029 

If 

0.021 


0.036 

Sm6 

0.011 

■liHl 

0.028 


reacting with uronic acid, undergoes some other process which 
gradually reduces the amount available for pigment formation. 
Visible evidence of such a side reaction is to be found in the forma- 
tion of a grayish precipitate in blank determinations containing 
only naphthoresorcinol, water, and HCl. The development of 
the precipitate in the blank roughly parallels, in time, the develop- 
ment of the deep blue uronic acid precipitate in the test. The 
rates of the two processes are sufficiently similar to resmt in 
effective competition, between them. Hence the initial relative 
concentrations of naphthoresorcinol and uronic acid are sig- 
nificant and must be controlled carefully; that is, the size of the 
sample must fall within a relatively narrow range, and the 
amount of naphthoresorcinol used must be measured accurately 
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if color development is to be proportional to the amount of uromc 

acid present. . 

Another aspect of the above is to be seen m the difference m 

behavior between glucuronic and galacturonic acids. Galactu- 
ronic acid reacts about twice as rapidly as glucuronic acid, reach- 
ing maidmum color development in 2 as against 4.5 hours. 
Moreover, the intensity of color developed per mg. is consider- 
ably greater for galacturonic acid, as can be seen from the conver- 
sion formulae. In the case of galacturonic acid, the corrected 
density must be divided by 24.5 to obtain the weight in mg., where- 



Loq mcj MR 


Fio. 3. The relation between the intensity of color developed by a 
constant amount (0.031 mg.) of glucuronic acid and the amount of naph- 
thoresorcinol used. D refers to density as defined for Fig. 1. 


as for glucuronic acid it is divided by only 16.7. The difference in 
the amount of pigment formed by the two compoimds may well 
be related to the difference in rate of color development. In the 
presence of galacturonic acid, pigment formation by naphthore- 
lorcinol takes place rapidly, before much of the reagent becomes 
unavailable by the side reaction. In other words, relatively more 
naphthoresorcinol is available for pigment formation during the 
reaction period as a whole in the case of galacturonic acid. It 
follows from these considerations, and is borne out experimentally, 
that uronic acid in combination must be hydrolyzed prior to the 
addition of naphthoresorcinol. 
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SUMMARY 

Free glucuronic or galactiuronic acid can be estimated photo- 
metrically by a procedure based on the Tollens reaction. 

The method is described for samples containing from 10 to 40 7 
of glucuronic acid, or from 7 to 30 7 of galacturonic acid. 

These acids can be distinguished from one another by their 
different rates of pigment formation wth naphthoresorcinol. 
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Catalytic reduction of esters of a-amino acids to corresponctog 
alcaraines or N-alkylated alcamines over copper chromite catalyst 
was accomplished earlier in this laboratory. It was realized, 
however, that the nickel catalyst has a wider temperature range 
of activity and that therefore by chan^g the conditions of the 
reaction, the process might be controlled so that, on one hand, the 
desired product would be .obtained and, on the other hand, the 
mechanism of the more complex reactions would be brought to 
light. Indeed, it was hoped that, by means of reduction over 
Raney’s catalyst, conditions might be found to obtain from the 
esters of optically active amino acids optically active alcamines. 
These in their turn might senn, on one hand, for the study of the 
relationship of optical activity to physiological action (since 
derivatives of alcamines are physiologically active) and, on the 
other hand, as an intermediary for the assignment of the con- 
figurations of a-amino acids whose configurations have not jnt 
been established by direct chemical methods. The expectations 
were realized in many ways, although further refinement in 
procedure is possible. 

The present communication deals with the results of experiments 
on the ethyl ester of dZ-leucine and of Z-leucine. The earlier 
experiments were performed on the dl form of the acid for obvious 
reasons. 

The conditions varied with respect to temperature, duration, 
and proportion of catalyst. 

At t = 135° and an initial pressure of 2200 pounds per sq. inch 
the only product isolated was leucinol. 
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At t = 185° and at 200° and the same initial pressure, the 
folloAving products were formed; ]Sr-dimethyl-2-amino-4-methyl- 
pentane, N-dimethylleucinol, 2,5-diisobutylpiperazine, and N,N'- 
dimethyl-2,5-diisobutylpiperazine. In none of the experiments 
were all products formed but the number of them and their pro- 

Table I 

Reduction of Leucine Ethyl Ester and Its Derivatives and of Glycylglycine 
Anhydride in Hydrogen over Raney's Catalyst at Varying Temperatures 
and at S800 Pounds Initial Pressure 


0 

G 

s 

•c 

a 

M 
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Temperature 

4 

o 

.s 
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2 

9 
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2 
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9 

22 
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3 
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10 

4 
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6 
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10 

12 
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6 
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6 
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10 

24 
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6 
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5 

16 
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1.3 

2.2 

7 

N-Dimethylleucinol 

4.6 

10 

185 

2.6 





8 

Leucinol 

3 

12 

185 

1.9 
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Leucylleucine anhy- 

3 

16 

200 





2.7 


dride 









10 

Glycylglycine anhy- 

3 

16 

200 





2.11 


• dride 








— 


*Leucinol. 

t N,N'-Dimethylpiperazine. 


portions varied with change in duration of the reaction and in 
temperature. The proportions are given in Table I. 

As the work progressed, the importance of the proportion of 
catalyst used became evident and we were encouraged to attempt 
the reduction of the ethyl ester of Z-leucine at < = 70 with a large 
excess of the catalyst in the hope of obtaining the optically active 
Weucinol. This hope likewise was realized. 
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The mechanism of the formation of the piperazines attracted 
special attention. It was logical to expect that leucinol and 
dimethylleucinol should be the primaiy products of the reaction, 
on the basis of the experience of Paden and AdMns* and of Hill 


H CtB, 


H 

N 


CH.— jOH H-j -N— C— H 




HC- 


-N— !h hoi— CHj 


CiHsr 


C,H, 


+ 2HiO 


C4H9 H 


N 

H 


and AdMns.* Indeed, Bain and Pollard® observed the condensa- 
tion of amino alcohols into piperazines on heating over Adkins’ 
catalyst at 235°. However, by means of Raney’s catalyst under 
the conditions of temperature and pressure employed by us, both 
leucinol and dimethylleucinol failed to yield detectable quantities 
of piperazines, only 2-aminohexane and N-dimethyl-2-amino- 
hexane respectively having been isolated as products of the reac- 
tion. Hence the mechanism of the formation of piperazines 
required further explanation. 

It was then realized that part of the leucine ester on heating in 
methanol solution might condense into a ketopiperazine which 
then might be reduced to the corresponding piperazine, which 
would or would not be methylated, depending on the conditions 
of the experiment. This expectation was fully realized, for it 


RHCi 


H 

N 

/\ 


CO 


+ 4H, 


RHCi 


H 

N 

/\ 


N 

H 


CHR 


H, 


CHs 


d^CHR 

N 
H 


+ 2H,0 


was found by experiment that, on one hand, the ester heated 
m a sealed tube in methanol solution in the presence or in the 

' Paden, J. H., and Adkins, H., J. Am. Chem. Soc., B8, 2487 (1930). 

! Adkins, H., J. Am. Chem. Soc., 60, 1033 (1938). 

Bain, J. P., and Pollard, C. B., J. Am. Chem. Soc., 61, 532 (1939). 
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absence of hydrogen condensed into the corresponding ketopipera- 
zine and, on the other, that the latter was reduced to the corre- 
spending piperazine when heated over Raney’s catalyst at 185® 
in an atmosphere of hydrogen. 

Thus at 185° and at an initial pressure of 2200 pounds of hydro- 
gen per sq. inch two primary products are formed simultaneously, 
each undergoing further reaction. The course of the reaction is 
presented in formulae (I to IV). 

CH2OH 
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H— C— N(CHs)2 


COOR 

H— C— NHj 
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SUMMARY 

1. CSonditions are given for the catal3^ic reduction over Raney’s 
catalyst of dWeucine ethyl ester to dl-leucinol and for the con- 
version of Heucine ethyl ester to Meucinol. 

2. Conditions are given for separation of the products formed 
from leucine ethyl ester over Raney’s catalyst at the temperature 
of 185°. The products are N-dimethyl-2-amino-4-methylpentane, 
N-dimethylleucinol, 2,5-diisobutylpiperazine, and N ,N'-dimethyl- 
2 , 5-diisobutylpiperazine. 

3. The mechanism of formation of piperazines from esters of 
amino acids over Raney’s catalyst is discussed. 

4. A convenient procedure for the preparation of ketopiperazines 
is given. 


EXPERIMENTAl. 

Action of Raney’s Catalyst on l-Leucine Ethyl Ester in Presence 
of Hydrogen at 70° — 5 gm. of Heucine vrere converted into its ethyl 
ester in the usual manner. Yield 3.8 gm. 

4.680 mg. substance: 10.310 mg. COj and 4.140 mg. HsO 

7-.081 " “ ; 0.539 cc. N, at 27°, p 761 mm. 

C,H„0,N. Calculated. C 60.37, H 10.69, N 8.80 
159.1 Found. “ 60.07, “ 10.62, " 8.67 

“hlO 8® 

WS = £ ^ = +11.7° (homogeneous) 

4 gm. of Raney’s catalyst -were added to a solution of 1 gm. of 
?-leucine ethyl ester, [a]“ = +11.7°, in 40cc. of absolute methanol 
and reduced wth hydrogen at a pressure of 2200 pounds per sq. 
inch at 70° for 9 hours. The product was isolated as usual. 
B.p. 130°, p = 18 mm 

The substance had a composition agreeing with that calculated 
for l-leucinol. 


3.485 mg. substance: 7.800 mg. CO, and 4.065 mg. H-O 
4.185 ■■ » ; 0.438 cc. N, at 28°, p 757 mm. ' 

CiHhOK. Calculated. C 61.47, H 12.90, N 11.95 
117.1 Found. “ 61.10, " 13.02, » 11.85 

r_,o +0.27° X 100 

“ HTtu “ (■“ methanol); n® = 1.4476 
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l-Leucinol Picraie 0.2 gm. of distilled Meueinol was dissolved 
in 1 cc. of ether and an ether solution of 0.2 gm. of dry picric acid 
was added. After standing for several hours the product had 
completely crystallized. 

A constant melting point of 120-121° was reached after recrys- 
tallization from methanol. 

The substance had a composition agreeing with that calculated 
for the l-leudnol picrate. 

5.276 mg. substance: 8.085 mg. CO 2 and 2.525 mg. HjO 

4.875 “ “ : 0.691 cc. N 2 at 28°, p 761 mm. 

CisHieOsNi. Calculated. C 41.61, H 5.26, N 16.18 
346.1 Found. “ 41.78, “ 5.36, “ 16.10 

[„]“ = = + 5 . 9 ° (in methanol) 

In another experiment, 2gm. of leucine ethyl ester, [«]“ = +10.6° 
(homogeneous), were dissolved in 80 cc. of methanol and 5.5 cc. 
of centrifuged Raney’s catalyst (8 gm.) were added. This was 
reduced at 2200 pounds pressure for 9 hours at 70°. 

The product distilled from a bath at a temperature of 100-110° 
at a pressure of 12 mm. Weight 0.6 gm., nf — 1.4478. 

(ce]“ = — = +1.9° (in methanol) 

1 X iiW 

4.425 rag. substance : 9.995 mg. CO 2 and 5.080 mg. HjO 
CsHhON. Calculated. C 61.47, H 12.90 
117.1 Found. " 61.59, “ 12.84 

Action of Raney's Nickel Catalyst on dl-Leucine Methyl Ester 
in Methanol at 135° — 9 gm, of dWeucine methyl ester were dis- 
solved in 100 cc. of methyl alcohol and reduced for 24 hours with 
Raney’s catalyst in hydrogen at a temperature of 135° and an 
initial pressure of 2200 pounds per sq. inch. The catalyst was 
removed by filtration and the filtrate was acidified with hydrogen 
chloride. The acidified solution was concentrated to a semi- 
crystalline mass and then dissolved in 150 cc. of warm acetone. 
After cooling, the crystalline product was filtered. Yield 3.8 gm. 

Recrystallized from methanol, the substance had the correct 
melting point for dWeucinol hydrochloride, 160-161 and the 
folIo%ving composition. 

< Christman, C. C., and Levene, P, A., J. Biol. Chem., 124, 453 (1938). 
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4.914 mg 


substance: 8.505 mg. COi and 4.495 mg. HjO 
CtHisON-HCl. Calculated. C 46.87, H 10.5 
153 6 Found. “ 47.19, " 10.3 


The acetone mother liquors were concentrated, yielding a 
mbcture of imchanged leucine methyl ester and leucinol. 

Action of Raney's NicM Catalyst on Leucine Methyl Ester in 
Methanol in Presence of Hydrogen at 185° . I. 2,5-Diisobuiyl- 
piperazine Hydrochloride— IQ gm. of the ester were dissolved in 
100 cc. of methyl alcohol and reduced with hydrogen in the 
presence of Raney’s catalyst at the temperature of 185° and initial 
pressure of 2200 pounds per sq. inch. The reaction product was 
worked up as described above. The semicrystalline mass of the 
hydrochloride was treated with 50 cc. of warm methyl alcohol 
which dissolved all the material in some experiments and left 
some insoluble material in other experiments. The filtrate after 
the removal of the insoluble substance was worked up as given in 
section (II), The insoluble substance was dissolved in 10 cc. 
of water, cooled to 0°, and treated with 10 cc. of a cold 25 per cent 
sodium hydroxide solution. The free base was extracted with 
ether and the ether extract was dried with potassium carbonate. 
After removal of the ether a crystalline substance was obtained 
which was purified by three recrystallizations from pentane. This 
substance melted at 79-80° and had a composition agreeing with 
that calculated for a dibutylpiperazine. 


3.222 mg. substance; 8.590 rag. CO- and 3.790 mg. HjO 

4.110 “ “ : 0.50 cc. N, at 27°, p 763 mm. 

CnH-jN,. Calculated. C 72.72, H 13.2, N 14.1 
198.2 Found. " 72.64, " 13.2, “ 13.9 

11. N-Dimdhyl-2- Amino- J^-MethylpciUane — ^After removal of 
the dibutylpiperazine hydrochloride, the methyl alcohol solution 
was concentrated to dryness and dissolved in 50 cc. of cold water. 
This solution was treated with 40 cc. of a cold 25 per cent sodium 
hydrojdde solution and the free base was extracted with, ether. 
The ether extract was dried with potassium carbonate and the 
ether distilled off through a 10 inch Vigreux column, the tem- 
perature of the bath being kept below 65°. 

The crude material was then fractionally distilled through a 6 
inch Vigreux column at a pressure of 20 to 22 mm. The first 
fraction distilled at 50-60° and was redistilled rmder atmospheric 
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pressure, boiling at 110-115°. This substance had a composition 
agreeing with that calculated for an N-dimethylaminohexane. 

4.823 rag. substance: 13.109 mg. COj and 6.500 mg. HjO 
CsHidN. Calculated. C 74.42, H 14.9 

129.2 Found. “ 74.12, " 15.1 

The substance was converted into the picrate by the procedure 
previously described.-* M.p. 132-134°. It had the following 
composition. 

4.504 mg. substance: 7.820 mg. CO 2 and 2.490 mg. HjO 
Ci<H 2207 N 4 . Calculated. C 46.92, H 6.19 

358.2 Found. “ 47.34, “ 6.18 

III‘ N-Dimethylleucinol — ^The next fraction, after removal 
of the N-dimethyl-2-amino-4-methylpentane, was collected be- 
tween 110-120°, giving a substance which had a composition 
agreeing with that calculated for an N-dimethylaminohexanol, 

3.008 mg. substance: 7.302 mg. CO- and 3.485 mg. H 2 O 

7.709 " " : 0.652 cc. N 2 at 28.5°, p 767 mm. 

CsHisON. Calculated. C 66.14, H 13.18, N 9,66 

145.2 Found. " 66.19, " 12.96, " 9.66 

This substance formed a picrate which melted at 105-106“’ 
in agreement with the melting point given for the picrate of dl- 
N-dimethylleucinoI. It had the following composition. 

5.287 mg. substance: 8.700 mg. CO 2 and 2.790 rog. H20 
CHH 22 O 6 N 4 . Calculated. C 44.89, H 5.98 

374.2 Found. “ 44.87, " 5.90 

IV. N , N' -Dimethyl-2 , 6-Diisobulylpiperazine — After removal 
of the dimethyl'2-amino-4-methyJpentane and the dimethyl- 
leucinol the still residue was separated into two fractions, the 
first one distilling between 120° and 150° at 22 mm. and composed 
of a mixture of N-dimethylleucinoJ and N ,N'-dimethyldiisobutyl- 
piperazine. The proportion of each in this fraction was calculated 
from the carbon and hydrogen values. 

The second fraction distilled at 160-155° at a pressure of 1 to 2 
mm. This substance contained from 72 to 73 per cent carbon, 
indicating the presence of some dimethylleucinol. Accordingly, a 
picrate was made of this fraction by dissolving the product in hot 
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methyl alcohol and adding a hot methyl alcohol solution of picric 
acid The picrate was insoluble in the hot methanol, thus sepa- 
rating it from the soluble picrate of dimethylleucinol. The 
picrate dissolved in hot absolute ethanol and settled out again on 
the addition of ether. It had a melting point of 255-257° and a 
composition agreeing nith that calculated for the picrate of an 
N , N'-dimethyldiisobutylpiperazine. 

5.910 mg. substance: 9.890 mg. CO, and 2.720 tng. H,0 

Ci 4 H,aN,-C„H.N.O.,. Calculated. C 45.61, H 5.3 
684.3 Found. " 45.63, “ 5.2 

This picrate was then decomposed according to the directions 
given for decomposition of the picrate of N-dimethylleucinol,* 
giving a product which distilled at 8(y-85° at 0.3 to 0.5 mm. pres- 
sure. The substance had a composition agreeing with that calcu- 
lated for an N,N'-dimethyldibutyIpiperazine. 

3.303 mg. substance: 9.005 mg. CO, and 3.990 mg. H,0 

5.022 •' : 0.549 co. N, at 26°, p 754 mm. 

5.311 “ “ : 5.311 cc. 0.01 n Na,S,0, 

C,iH,»N,. Calculated. C 74.34, H 13,4, N 12.39, CH,(N) 13.22 

226.3 Found. “ 74.34, “ 13,5, » 12.38, “ 12.73 

Aclion of Raney’s Nickel Catalyst on Dimethylleucinol in Methanol 
at 185 ° — Dimethylleucinol (4.5 gm.) was dissolved in 100 cc. 
of methanol and reduced for 10 hours with 3 gm. of Raney’s 
nickel, at a temperature of 185° and an initial pressure of 2200 
poimds. The product was worked up as the free base in the 
manner described previously. The colorless liquid completely 
distilled at 60-70° under 20 mm. pressure and then redikilled 
at 110-115° under atmospheric pressure. Yield 2.6 gm . 

The picrate of this substance melted at 132-134°. The sub- 
stance thus had the properties of N-dimethyl-2-amino-4-methyI- 
pentane. 

Synthesis of N ,N'~Dimethylpiperazine hy Reduction of Glycyl- 
glydne Anhydride — 3.0 gm. of glycylglycine anhydride were 
dissolved in 30 cc. of dry methanol. To the solution were added 
5.0 gm. of Eaneir’s catalyst and reduction was carried out at 200° 
as described. The filtrates from the catalyst and the washings 
were combined and acidulated with hydrogen chloride gas until 
acid to Congo red and were then concentrated to a thick syrup. 
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The residue was taken up in 10 cc. of water and an aqueous solu- 
tion of sodium picrate was added to it. The yield was nearly 
quantitative, 9.5 gm. of picrate (1,9 gm, of base). After reerj^stal- 
lization, the melting point was 280°. 

The substance had the following composition. 

5.822 mg. substance: 8.085 mg. CO* and 1.990 mg. HjO 

4.620 " *' ; 0.797 cc. Nj at 27°, p 750 mm. 

CibHsoOhNs. Calculated. C 37.75, H 3.55, N 19.57 

572.2 Found. “ 37.91, “ 3.82, “ 19.37 

Synthesis of N ,N'-Dimethyl-3,S~Diisobutylpiperazine byReducUon 
of dl-Leucylleucine Anhydride — ^3.0 gm. of leucylleucine anhydride 
and 5 gm. of Raney’s catalyst were treated as in the prewous 
experiment. The yield of the picrate was 9.6 gm. (2.82 gm. of 
base). M.p. 256-258°. 

The substance had the following composition. 

5.410 mg. substance: 8.995 mg, COj and 2.595 mg. H 2 O 

5.615 “ " : 0.812 cc. N- at 26°, p 762 mm. 

CjbHmOuNj. Calculated, C 45.59, H 5.30, N 16.35 

684.3 Pound. “ 45.32, “ 5.36, “ 16.20 

Condensation of dlrLeucine Methyl Ester to Its Anhydride in 
Hydrogenation Apparatus in Absence of Catalyst — This experi- 
ment was undertaken to test the hypothesis of piperazine 
formation from leucine methyl ester through the intermediate 
formation of ketopiperazine. 4 gm. of dWeucine methyl ester 
were dissolved in 15 cc. of dry methanol and placed in the hydro- 
genation apparatus without catalyst for 9 hours at an initial 
pressure of 1900 pounds per sq. inch and a temperature of 150°. 
The apparatus was allowed to cool for 10 hours. The partially 
crystalline reaction product was concentrated under reduced 
pressure to a white crystalline mass. Yield 2,6 gm.; m.p. 268- 
270° after recrystallization from 98.5 per cent ethanol. 

The substance had the following composition. 

4.295 mg. substance : 10.000 mg. CO5 and 3.790 mg. HjO 

4.300 “ " : 0.469 cc, N* at 27°, p 759 mm. 

Ci-HjjOsNs. Calculated. C 63.66, H 9.81, N 12.38 

226.2 Found. “ 63.49, » 9.87, " 12.38 

Condensation of dl-Leucine 3Iethyl Ester to dl-Lcucylleucine 
Anhydrides gm. of dMeucine methyl ester were taken up in 5 
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cc. of dry methanol and heated in a sealed tube at 150° for 9 hours. 
The partially crj^talline reaction product was concentrated imder 
reduced pressure to a ciy^stalline mass. Yield 2.0 gm.; m.p. 
268-270° after recrystallization from ethanol. 

The substance had the following composition. 

4.926 mg. substance: 11.505 mg. COi and 4.300 mg. H:0 
4.480 “ " : 0.484 cc. Nj at 24°, p 759 mm. 

Ci..H--OjN.. Calculated. C 63.66, H 9.81, N 12.38 

226.2 Found. “ 63.69, “ 9.76, " 12.40 

In a similar way 1.0 gm. of Z-leucine methyl ester, [a] d* = 
+16.7°, juelded 0.7 gm. of the active ketopiperazine, m.p. 271°. 

4.313 mg. substance: 10.100 mg. COj and 3.790 mg. H.O 
4.600 “ " : 0.502 cc. Ni at 26°, p 759 mm. 

CiiHs-OiN,. Calculated. C 63.66, H 9.81, N 12.38 

226.2 Found. " 63.85, “ 9.90, “ 12.48 

, -0.45° X 100 

Wd = — jg — = —2.81 (m methanol) 




THE STRUCTURE OF DEXTRAN SYNTHESIZED FROM 
SUCROSE BY BETACOCCUS ARABINOSACEUS, 
ORLA-JENSEN 

Bt yv. z. HASSID AND H. A. BARKER 

(From Ihe Division of Plant Nutrition of the College of Agriculture, University 
of California, Berkeley) 

(Received for publication, March 8, 1940) 

The chemical structure of the dextran produced by the action 
of bacteria of the Belacoccus arabinosaceus (Lenconostoc mesen- 
terioides) group on sucrose has been recentl}’' studied by several 
authors. The results of Fowler, Buckland, Brauns, and Hibbert 
(1) indicate that the dextran formed by a strain of Leuconostoc 
mesenterioides^ is a polymer of a pentaglucopyranose anhydride 

' Since there is no general agreement as to the delimitation of the species 
Belacoccus (Leuconosloc) arabinosaceus, Belacoccus mesenlerioides, and 
Belacoccus dextranicus, these specific names are of little value in identifying 
individual organisms. The identity or non-identity of two strains of 
dextran-fomung heterofermentative lactic acid bacteria can at present be 
recognized only by reference to specific characters, of which the most useful 
appear to be the abilities to ferment arabinose, xylose, and raffinose and 
to form definite capsules. The orgamsm used by Eowler, Buckland, 
Brauns, and Hibbert (1) ferments both arabinose and xylose but not rafla- 
nose; no capsules were observed. The organism used by Pairhead, Hunter, 
and Hibbert (2) is not described; but if these authors follow the Huoker 
and Pederson classification, the specific name deilronicus indicates an 
organism unable to ferment either arabinose or xylose. Peat, Schluchterer, 
and Stacey (3) also failed to describe the organism with which they worked. 
Since, however, the culture was obtained from Professor A. J. Kluywer 
(Delft) and is referred to as Belacoccus arabinosaceus haemolylicus {Leu- 
conosloc dextranicum) it almost certainly has the following characteristics: 
arabinose and raffinose are fermented, xylose may or may not be fermented, 
capsules are not formed, hemolysis occurs. The organism we have used 
ferments arabinose but not xylose or raffinose; capsule formation has never 
been observed. Therefore, it differs from the organisms referred to above 
in respect to the ability to ferment either xylose or raffinose. It should be 
emphasized, however, that all of the dextran-forming heterofermentative 
lactic acid bacteria are or appear to be very closely related. 
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in which three of the linkages between the glucose units are of the 
1,6 type, while the remaining two are either 1,4 or 1,6. No 
data were given with regard to the molecular weight of the de.\- 
tran. 

The dextran obtained by Fairhead, Hunter, and Hibbert (2) 
through the action of another strain (referred to as Leiiconostoc 
dextranicus^) on sucrose yielded 2,3,4-trunethylmethylglucoside 
and about 10 per cent dimethjdmethylglucoside as the sole 
products of hydrolysis of the methylated polysaccharide, but no 
tetramethylmethylglucoside was obtained. Since no evidence of 
the presence of any end-groups has been found, these authors con- 
clude that they are not dealing with a short chain poljnner but 
rather with a linear polymer in which the terminal units of one 
chain are linked with members of adjacent chains. 

Peat, Schliichterer, and Stacey (3) in their investigation of the 
dextran produced by a third strain^ of Beiacocciis report a small 
amount of tetramethylglucose (0.23 per cent of the weight of 
methylated dextran) in the hydrolysis product of the methylated 
derivative. This end-group fraction indicates a chain length of 
about 550 glucose units. The molecular weight determination by 
osmotic pressure measurements gave a value corresponding to 200 
glucose units. 

The present investigation of the dextran produced from sucrose 
by a strain of Betacoccus arabinosaceus^ isolated from soil con- 
firms the results of Fowler, Buckland, Brauns, and Hibbert (1) 
in that the main hydrolytic fraction of the methylated dextran is 
2,3,4-tetramethylmethylglucoside. The quantity of dimethyl- 
and tetramethjdglucose obtained from the hj^drolysis pi’oducts 
of the methylated dextran, however, was much lower than that 
obtained by these authors. The small amount of tetramethyl- 
glucose (end-group fraction) suggests that the polysaccharide is 
made up of chains of anhydroglucose units joined uniformly by 
glucosidic linkages between the 1st and 6th carbon atoms to form 
a terminated chain. The molecular weight of the dextran as de- 
termined by Staudinger’s viscosity method on the methylated 
product with = IQ-^ (4) was 11,700. Since, however, it is not 
certain whether this method can be applied for the molecular 
weight determination of this polysaccharide, the value obtained 
cannot be regarded as reliable. It is considered, therefore, that 
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the value 2600 ± 50, obtained by the ultracentrifuge (sedimenta- 
tion equilibrium method), gives a more trustworthy result. The 
dextran is insoluble in water, but dissolves in alkaline solution. 
Its specific rotation (ali, in 1 n sodium hydroxide was -f-184 . 
The high positive rotation of the de-xtran and its downward mu- 
tarotation during hydrolysis indicate that the 1,6-glucosi^c 
linkage in the dextran has the oc configuration. 

EXPERIMENTAL 

The dextran was prepared by inoculating the organism into a 
medium of the following composition; sucrose 600.0 gm., 3 'east 
extract 15.0 gm., K 2 HPQ 43 Q.O gm., MgS 04 - 7 H ;0 1.2 gm., (hfH 4 )j- 
SOi 3.6 gm., distilled water 6 liters. 

The pH of the medium was 7.6. After being incubated for 6 
days at 28° the fermented medium became highly idscous and had 
a reaction of pH 4.4. The de.xtran was then precipitated by the 
addition of an equal volume of 95 per cent alcohol, filtered, washed 
with dilute alcohol, and dried in vacuo at 100°. The dextran was 
insoluble in water and did not reduce Fehling’s solution. The 
ash content of an anhydrous sample was 0.9 per cent, nitrogen 
0.1 per cent. 

Specific Rotation — [orlo = +18i° (in 1 K sodium hydroxide, c = 1) 
Analysis '^ — (CtHioOsln- Calculated. C 44.4, H 6.2 

Found. " 44.1, " 6.5 

Hydrolysis of Dextran and Identification of Glucose — 1 gm. of 
the dextran was hj'drolj-^zed for 4 hours under a reflux condenser 
with 2.5 per cent sulfuric acid, neutralized with sodium hydroxide, 
and diluted. The reducing value determined on the neutralized 
solution by oxidation with ferricyanide and titration with ceric 
sulfate (5) was 94 per cent calculated as glucose. An osazone was 
prepared from the remainder of the solution by treatment with 
phenylhj'drazine hydrochloride and sodium acetate according to 
Mulliken (6). The osazone separated out as a yellow precipitate 
when heated on a boiling water bath for 5 minutes. It was iden- 
tified bj its melting point and by the shape of its cr 3 *stals under the 
microscope as glucosazone. Mannose was not present.^ The 

* Calculated on an ash-free basis. 

‘Under the conditions employed a nearly vrbite precipitate of mannose 
phenylhydrazone forms within less than half a minute. 
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absence of fructose was shown by the negative Seliwanoff reaction 
carried out on the hydrolyzed solution according to Roe (7). 
When the polysaccharide was distilled with 12 per cent hydro- 
chloric acid and the distillate treated with thiobarbituric acid, 
no precipitate was formed. This showed the absence of pentose 
or uronic acid units in the polysaccharide. 

In order to detennine the direction of mutarotation during 
hydrolysis of the dextran, 1 gm. of the material was dissolved in 
100 cc. of 1 N hydrochloric acid by heating on a steam bath in a 
flask supplied with a reflux condenser. The rotation of cooled 
portions of the solute was determined at several time intervals. 
The specific rotation of the first portion determined after 
about 15 minutes was +154°. The rotation of the successive 
portions diminished gradually with time until after 6 hours it 
reached +54°, and then remained constant. This value ap- 
proximately agrees \vith the rotation of an equilibrium mixture 
of a- and /3-glucose, which is +52.5° in water. The downward 
mutarotation during hydrolysis indicates the a configuration of 
the glucose units in the polysaccharide. 

Acetylation of Dextran — 4 gm. of the powdered dextran were 
soaked for 30 minutes in 25 cc. of acetic acid through which 
chlorine gas had been previously bubbled for 1 minute. 40 cc. 
of acetic anhydride, through which sulfur dioxide was passed for 
1 minute, were then added, and the mixture shaken for several 
hours with a mechanical shaker. It was then kept at 80°, Avith 
occasional shaking for 2 hours. The insoluble fraction was cen- 
trifuged off and the supernatant liquid poured into a large excess 
of cold water. The resulting precipitate was washed with water 
and dried in vacuo at 80°. 

Specific Rota(ion)-~loi]j, = -f 190° (in chloroform, c = 1) 
(C«H 70 j(CHjCO),)„. Calculated. CH,CO 44.8 
Found. " 44.8 

Degeneration of Dextran from Its Triacetate — The triacetate was 
deacetylated by allowing it to stand overnight with 50 per cent 
aqueous methyl alcoholic 3 per cent potassium hydroxide. The 
mixture was then acidified with acetic acid, 2 volumes of 95 per 
cent alcohol were added, and the resulting precipitate washed 



167 


W. Z. Hassid and H. A. Barker 

with more alcohol and then dried. The regenerated dextran dif- 
fered from the original in that it was soluble in water. 

Specific RoUtlion—la]D = +180° (in water, c = 1) 

Meihylation of Dextran— 20 gm. of the dextran were ground to a 
fine powder, placed in 100 cc. of water, and methylated at 50° 
with 200 cc. of methyl sulfate and 400 cc. of 30 per cent sodium 
hydroxide over a 4 hour period. At the end of that tune the solu- 
tion was heated to 100°; the methylated polysaccharide separated 
out. After three methylations (of which the last one was con- 
ducted in the presence of acetone) a product was obtained with a 
methoxyl content of 36 per cent. The partially methylated 
polysaccharide was further methylated according to the modi- 
fication of Fowler, Buckland, Brauns, and Hibbert (1) of Muskat’s 
method (8) by dissolving the partially methylated product in 
anisole and then treating with liquid anamonia, sodium, and 
methyl iodide. 

Specific Rotation — [aJo = +214° (in chloroform, c = 1) 
Ancij/«f8-(CeH,Oi(OCH,).)». Calculated. OCH, 45.6 

Found. " 45.0 

Hydrolysis of Methylated Dextran and Separation of Cleavage 
Products — 10 gm. of the methylated polysaccharide were per- 
meated with 50 cc. of glacial acetic acid by being kept in a flask 
for an hour under reduced pressure. 100 cc. of 5 per cent hydro- 
chloric acid were added and the mixture kept on a steam bath for 
12 hours, at which time only a part of the polysaccharide went 
into solution. More acetic acid, hydrochloric acid, and water 
were added to make a 50 per cent aqueous acetic acid solution 
containing 4 per cent concentrated hydrochloric acid and the mix- 
ture was then kept at 100° for 12 more hours. At the end of that 
period the methylated polysaccharide had dissolved. The acid 
was partially neutralized with barium carbonate and the remain- 
ing acetic acid removed by vacuum distillation with addition of 
water as required. The residue was extracted by a mixture of 
alcohol and benzene. The resulting syrup, weighing 6.5 gm. and 
containing the trimethjd- and tetramethyl^ucoses, was dissolved 
in 45 cc. of water and separated according to the procedure of 
Bell (9) by extracting the aqueous solution of the mixture with 
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chlorofonn. The chloroform solution was evaporated to dryness 
and extracted with boiling petroleum ether. The extract after 
evaporation of the petroleum ether yielded 0.27 gm. of 2, 3,4;, 6- 
tetramethylglucose. 

Specific Rotation~[a]B = +81.5° (in water, c = 1) 

Amlysis~Ci'H.tO2{0C'Bi)i. Calculated. OCH, 52.6 

Found. “ 52.2 

The aqueous extract containing the trimethjdglucose was 
evaporated to a syrup and boiled for 12 hours under a reflux con- 
denser with 200 cc. of methyl alcohol containing 1.5 per cent 
hydrogen chloride. The solution was neutralized witli silver car- 
bonate and filtered. The filtrate was clarified with charcoal, fil- 
tered again, and evaporated to a syrup. The weight of tiie 
syrup was 3 . 92 gm. Its methoxyl content was 51 . 9 per cent, which 
corresponds to that of trimethylmethylglucoside (calculated for 
C6H802(0CH3)4, 52.6). The syrup began to crystallize after it 
was distilled in vacuo (0.1 mm. pressure), and kept standing for 
several days. The semicrystalline material was pressed on n 
porous glass plate and recrystallized from petroleum ether. 

Specific Rotation — [ajo * —20.2° (in water, c = 1) 

Analysis — C6H80j(0CHj)4. Calculated. OCH| 52.6 

Found. “ 52.3 

Reported [ajn values for 2 , 3 , 4 -trimethyl-/?-methylglucoside 
are -20.57° (1) and -21° (3). 

The residue, containing the barium salts, after extraction with 
benzene, was extracted with ethyl acetate. After evaporation 
of the ethyl acetate 0.29 gm. of syrup was obtained. Its nietho.xyl 
content was 30.3 per cent, corresponding to that of dimctli}'!- 
glucose (calculated for CeHio 04 (OCH 3 ) 2 , 29.8). 

Molecular Weight of Dextran — The molecular weight was deter- 
mined on the methylated dextran according to Staudingcr’s vis- 
cosity method. The specific viscosity of a 0.4 per cent solution 
of the methylated derivative was 0.29. This corresponds to a 
molecular weight of 14,800 for the methylated dextran, according 
to Staudinger's formula with Km = 10~® (4), and 11,700 for the 
dextran. However, since it was not knorni whether the constant 
Km = 10'= could be used for this polysaccharide, the viscosity 
method for determination of the molecular weight cannot bo 
regarded as reliable. 
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The molecular 'R'eight was also determined by tbe sedimentation 
equilibnum method with the air-driven top ultracentnfuge ^ 
developed by McBain (10). The molecular weight of the m^h- 
ylated dextran obtained by this method was 3275 ± 50. This 
corresponds to a molecular weight of 2600 ± 50 for the dextran. 
The determinations with various centrifugal forces gave the same 
molecular weights, indicating that the methylated polysaccharide 
is essentially homogeneous. 


STJMMABT 

The structure of the dextran synthesized by the action of a 
strain of Beiacocais arabinosaceus (Leuconostoc mesenterioides) 
on sucrose was studied. On treatment of this polysaccharide 
with acid, glucose was obtained as the sole product of hj'drolysis. 
Its positive rotation and the downward mutarotation during 
hj’drolysis suggest an a configuration of the anhydroglucose units 
in the molecule. 

On methylation and subsequent hydrolysis of the dextran 2,3 ,4- 
trimethyl-)9-methylgluco3ide was obtained as the main product of 
hydrol}-sis, and a small amount of an end-group (tetrameth 3 'lglu- 
cose) was isolated. This indicates that the polj'saccharide con- 
sists of a-glucopj'ranose units linked through the 1st and 6th 
carbon atoms to form terminated chains. 

The molecular weight of the dextran determined on the meth- 
ylated derivative by the Staudinger \'iscosity method was 11,700. 
A value of 2600 ± 50 was obtained for its molecular weight with 
the ultracentrifuge bj^ the sedimentation equilibrium method.^ 

The authors nish to e.xpress their gratitude to Professor J. 17. 
McBain for the use of the ultracentrifuge and to Air. L. H. Perry 
for cariying out the molecular weight determinations. 

Clerical assistance in the preparation of this material was 
furnished bj’ the personnel of the Works Progress Administration, 
Official Project No. 465-03-3-587, Unit BIO. 

* Recently molecular rveiglit determinations rvere carried out with the 
air-driven top ultracentrifuge on fully methylated starch. A value of 
2750 was obtained, which is about 10 times smaller than the molecular 
weight determined by other investigators (11) using viscosity, osmotic, 
and ultraccntrifugal methods. In view of this discrepancy, there exists 
considerable uncertainty as to the interpretation of the molecular weight 
reported for the bacterial polysaccharide. 
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Values found in the literature (1-8) for the composition of 
cetacean milk ■were based on specimens collected several hours 
after the animals had been killed. The samples may have been 
contaminated with sea water, blubber oil, blood, or other body 
fluids, and some may bave been poorly preserved; Clowes (2) has 
adequately discussed these points. The milk analyses reported 
in this paper are significant because they were obtained on uncon- 
taminated samples from living animals.* Data will be presented 
on the major constituents of milk obtained from three Hve bottle- 
nose dolphins (Tursiops iruncalus) and, in addition, from one 
spotted dolphin {Prod£lphinus plagiodov) 1.5 hours after it had 
been harpooned. 

EXPEBIMENTAL 

CoDeclion of Malerial — ^The milk samples were taken from the 
captive dolphin suspended above the water in a sling. The 

* Part of the expense of this project was defrayed from a grant-in-aid 
of the Committee on Research in Endocrinology of the National Research 
Council and from the Biological Grant from the Rockefeller Foundation 
to the University of Chicago. 

t The authors are listed alphabetically because the work was carried out 
by them as a group. 

‘ The collection of this material was made possible through the whole- 
hearted cooperation of the scientiSc and technical staffs of the Marine 
Studios, Marineland, St. Augustine, Florida. The location of the Marine 
Studios is ideal for the capture of dolphins; the trained personnel handles 
these animals without injuring or unduly exciting them. The efficient 
service of the Eastern Air Lines and the .Air Express of the Railway E.xpress 
Agency was an indispensable link in the transportation of the samples from 
St. Augustine or Jacksonville to the laboratories in Chicago. 
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nipples and surrounding region were carefully dried and protected 
from dripping water with towels. The milk was expressed by 
firmly kneading the entire length of the mammary gland to- 
ward the nipple until the flow almost ceased. The milk was 
white in appearance with a yellow tinge and a creamy consistency; 
it had a fishy odor when freshly drawn and the taste was oily and 
lacked sweetness. No change in consistency or appearance of the 
sample was observed during milking. A portion of the sample 
was used for osmotic pressure determinations which were carried 
out at the Marine Studios. After a small amount of formalin 
had been added as a preservative, the remainder of the sample was 
chilled and shipped to Chicago in the special refrigerated con- 
tainers described in a previous paper (9). 

Chemical Methods — The following determinations were made on 
the milk: water, total nitrogen (and in some cases non-protein 
nitrogen), fat, sugar, sodium, potassium, calcium, magnesium, 
chloride, inorganic phosphorus, pH, and osmotic pressure. All 
analyses were made in duplicate. The chemical methods were 
the same as those used for the dolphin blood (9), except that cal- 
cium and magnesium were determined on ashed samples of milk. 
The details followed in this procedure were the same as those 
reported for tissue analyses by Eichelberger and Bibler (10). The 
non-protein nitrogen was estimated by the modified method of 
Erickson, Stoner, and Macy (11). In addition, total fat was 
determined by both the Babcock and extraction methods, and 
the sugar by the Miller and Van Slyke method (12). 

Results 

In Table I, the analytical results obtained from the analyses of 
milk from three live dolphins. Nos. 2, 4, and 5," and one har- 
pooned spotted dolphin. A, are given. The length of the time 
since parturition was unknown except for Dolphin 5, which was 
nearing the end of lactation. The calf following her was feeding 
on mullet and attempting to nurse at frequent intervals. Al- 
though the cow was milked a number of times, the sample of milk 

2 Both milk and blood samples were obtained from these three dolphins, 
and the numbers designating them correspond to those used in tlic previous 
communication (9). Milk and blood from Dolphin 4 were taken simul- 
taneously. 




* Tursiopa Irnncalva, 
t Animal near end of lactation, 
j Prodclphinus plagiodon, linrpooncd. 
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obtained was always small. The points of interest in the data 
are as follows: (1) All of the milks were rich in fat and protein and 
low in lactose; (2) the sums of the inorganic base concentrations 
were 121.7, 133.2, and 129.8 milliequivalents per liter in Dolphins 
2, 4, and A, respectively, and in Dolphin 5 (near the end of the 
lactation period) the total base concentration was 146.6 milli- 
equivalents per liter; and (3) the percentage of solid matter in the 
milk of Dolphin 5 was 24.45, while 31.02, 28.63, and 32.5S per 
cent were found respectively in the milk of Dolphins A, 2, and 4. 
Because of the differences in the composition of the mi lk from the 
different animals of the same species, mean values are not pr^ 
sented. 


DISCUSSION 

Many of the values in the analytical data of this study of 
dolphin milk differed from those reported by previous investi- 
gators, while some were comparable. The differences may bo 
attributed to various factors, among which are the following: (1) 
the milk was obtained from different species, (2) the milk was 
obtained from animals in different stages of lactation, and (3) the 
fact that the milk analyzed was obtained from living dolphins. 
Although variations were found in the composition of milk from 
the different animals of the same species, all of the specimens were 
high in proteins (ranging from 94.2 to 111 gm. per liter), high in 
fat (ranging from 108 to 180 gm. per liter), and low in lactose 
(ranging from 3.9 to 7.7 gm. per liter). Thus, this rich milk 
supplies the necessary constituents required by the calf for its 
rapid rate of development. 

The most apparent similarities in the protein and fat content of 
milk from other mammals are found in the reindeer, rabbit, and 
dog (Table I). All of these, therefore, have high caloric values. 
The dolphin milk, however, has a low lactose content, which is its 
most differentiating factor. These findings agree witli those of 
many other whale milk analyses (2-8). The dolphin milk is 
obviously dissimilar to human milk. 

Some fluctuation was found in the mineral constituents of the 
dolphin milk, the largest variations being in the sodium and potas- 
sium concentrations. Although the individual concentration of 
sodium and potassium varied, their sums were quite constant, 
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for example, in DolpMns 2, 4, and A, the sums were 76.8, 89.0, 
and 86.2 milliequivalents per liter. In Dolphin 5, the animal 
near the end of lactation, the sum nras 103.0 milliequivalents per 
liter, the increase being accounted for entirely by sodium. The 
calcium and magnesium values were consistent in aU of the speci- 
mens analyzed. 

As with other mammals, the changes in the total base concen- 
trations as the animals approached the end of lactation indicate 
that as the oSspriug grows, the milk is modified in composition. 
This vraiung of lactation was marked by a diminution in yield 
and in content of solid matter. This milk with the lowered lactose 
and the increased salt content may well have been less appetizing 
to the suckling, apparently for the purpose of inducing the off- 
spring to turn to other foods for sustenance. Also, it may be an 
adaptive mechanism, the nature of which is not yet understood. 
Since the mineral composition of milk "runs parallel to the stage 
of development of the embryo when bom” ((14) p. 163), the total 
base concentrations of the milks of those mammals of comparable 
maturity at birth are sinular. 

smouBT 

Milks obtained from three living bottle-nose dolphins and from 
a spotted dolphin 1.5 hours after death have been analyzed for 
their major chemical constituents. Dolphin millq compared 
mth that of most species, was found to be high in fat (108 to 180 
gm. per liter) and protein (94.2 to 111 gm. per liter), and low in 
lactose (3.9 to 7.7 gm. per liter). 
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When ascorbic acid (I) undergoes oxidation in a neutral me- 
diuni, the oxidized product (II) first formed undergoes a fairly 
rapid transformation into more acid substances. As discussed 
previously (1), this change vrould appear to involve first an open- 
ing of the lactone ring to ideld 2,3-diketo-I-gulonic acid (HI). 
Further changes may then occur. Regeneration of ascorbic acid 
from such transformation products cannot be accomplished by the 
same simple reduction procedures that are effective for the con- 
version of dehydroascorbic acid (II). Now dehydroascorbic 
acid, which is stable in mildly acid solutions, has been shown to 
possess antiscorbutic properties (2, 4). The question therefore 
arises whether the animal body is capable of reconstituting as- 
corbic acid from 2,3-diketo-l'gulonic acid (III). If not, it would 
appear that opening of the lactone ring is equivalent to destruction 
of the vitamin and that when the vitamin is oxidized in the body 
it must be rapidly reduced again if its destruction is to be pre- 
vented. Borsook et al. (2) have reported that ascorbic acid oxi- 
dized in vitro in neutral or alkaline solutions and allowed to 
undergo the transformation discussed above possesses no anti- 
scorbutic potencj% They have therefore concluded that diketogu- 
lonic acid does not have antiscorbutic properties. It appeared 
desirable, however, to test this premise further with material of 
known composition. The use of 2, 3-dike to-Z-gulonic acid for 
this purpose is not as suitable as the more stable reductant of this 
compound, 2-keto-Z-gulonic acid or its dienol form (IV) which can 
be easily prep^d in pure crj^talline condition. Therefore ance 
the first step in the conversion of 2,3'diketo-Z-gulonic acid into 
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ascorbic acid by the tissues would appear to be its reduction to 
2-keto-l-gulomc acid, a test of its antiscorbutic properties seemed 
worth while. Though this acid is an intermediate in the chemica! 
synthesis of vitamin C, no test of its antiscorbutic properties 
appears to have been previously recorded. Such a test is here- 
with described. 
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Preparation and Properties of ^rKeto-l-Gulonic Acid 

Though ascorbic acid may be produced from 2~keto-I-gu]on}c 
acid by the removal of water to form a lactone ring, the reverse 
process does not occur readily. Ascorbic acid heated in 0.1 n 
sodium hydroxide at 100° for 2 hours in an atmosphere of nitrogen 
showed no loss in its reducing power towards 2,6-dichlorophenol 
indophenol. The open chain acid does not reduce this dye. The 
2-keto-Z-gulonic acid employed was, therefore, synthesized from 
Z-sorbose^ according to the method of Reichstein andGriissner 
(5). The crystalline product obtained was recrystallized once 
from water. It melted with decomposition between 155-160 . 
Reichstein and Griissner state that decomposition occurs at 
171° but that the decomposition point varies with the mode of 
heating. TfTien titrated with alkali, the acid required 94: per cent 
of the theoretical amount calculated for CcHjdO?, or approxi- 
mately 100 per cent of the theoretical if 1 molecule of water of 
crystallization is assumed. A 0.025 m solution of the half neu- 
tralized acid (total ionic strength = 0.025) had a pH value of 
2.81 ± 0.02 at 30°. Ascorbic acid under similar conditions 
possesses a pK' value of 4.13 (1). A solution containing 20 

^ The i-sorbose was kindly furnished by Chas. Pfizer and Company, Inc. 



E. G. BaU 


179 


mg. of 2-keto-I-gulonic acid showed reducing action towards 
2,6-dichlorophenol indophenol that was less than that produced 
by 0.05 mg. of ascorbic acid. When such a solution was heated 
for 2 hours at 100° in the absence of air, it acquired pronounced 
reducing properties towards the d5’’e, which quantitatively cor- 
responded to 13.7 per cent conversion to ascorbic acid. Under 
similar conditions Reichstein and Griissner (5) report 14 per cent 
conversion of 2-keto-I-gulonic acid to ascorbic acid. 

Feeding Experiments 

The antiscorbutic activity of the 2-keto-Z-gulonic acid was tested 
by feeding it to guinea pigs. Male anunals, all weighing about 
200 gm., were fed ad libitum the basal diet of Sherman, La Mer, 
and Campbell (6) nith bran added as suggested by Eddy (3). 
Five sets of two animals each were employed and received the 
following additional supplements which were given daily by direct 
oral administration. 

No Additional Supplement — ^The two animals in this set both 
died on the 27th day after they were placed on the experimental 
diet. Both animals lost weight rapidly during the last week and 
on autopsy showed the characteristic manifestations of scurvy: 
beading and enlargement of the costochondral junctions, marked 
hemorrhages throughout the body, fragility of the bones, looseness 
of the incisors, and enlargement of the knee joints. 

Ascorbic Acid, 2 Mg. Daily — ^The two animals in this set showed 
moderate weight gain and were sacrificed on the 27th and 33rd 
days of the experiment. Both animals on autopsv' appeared 
perfectly normal. 

2-Keto-l-Gulonic Acid, 2 Mg. Daily — One of the animals in this 
set lost weight rapidly and died on the 22nd day of the experiment. 
The leg joints showed some swelling and the epiphyses were sus- 
piciously weak, but other signs of scur^'j’’ were not erddent on 
autopsy. The other animal also lost weight rapidly but did not 
die until the 32nd day. Here the characteristic ssTuptoms of 
scuny had more time to develop and were as severe as those found 
in the animals on the basal diet alone. 

2-Kelo-l~Dulomc Acid, 5 Mg. Daily — One animal in this set died 
^ter rapidly losing weight on the 17th day. On autopsy no 
mdications of scurvy were found. The other animal died on the 
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24th day and showed on autopsy manifestations of scuny 
though not as marked as in the case of the animals on the basal 
diet alone, were unmistakable, 

2-Keto-l-Gulonic Acid, 12 Mg. 2)oz7?/— One animal in this sot 
died on the 14th day. Autopsy revealed pneumonia as the cause 
of death. The other animal was sacrificed on the 20th day and 
showed unmistakable signs of mild scurvy on autopsy. 

SUMMARY 

The results of the feeding experiments are not conclusive enough 
to state that 2-keto-Z-gulonic acid possesses no antiscorbutic proper- 
ties. There is an indication that at the higher dosage levels of 
this acid the scurvy sjmiptoms were less severe but it must be 
remembered also that at these higher dosage levels the small 
percentage (0.1 to 0.2 per cent) of ascorbic acid present ns an 
impurity in the preparation begins to reach amounts that are 
biologically effective. The experiments do indicate, however, 
that this acid is far less effective in preventing scurvy than is 
ascorbic acid when fed in similar amounts to guinea pigs. It 
would, therefore, appear that no appreciable regeneration of 
ascorbic acid in this animal occurs from 2, 3-diketo-l-gulonic acid 
by way of 2-keto-^-gulonic acid. This suggests that the opening 
of the lactone ring in vitamin C is tantamount to loss of anti- 
scorbutic properties. The simultaneous loss of reducing and anti- 
scorbutic properties on opening of the lactone ring further suggests 
that the reducing action of ascorbic acid is in some way associated 
with its biological function. 

I am indebted to Dr. Barnett Cohen for his e,xpert advice and 
assistance in diagnosing the scurvy symptoms. 
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Numerous cultural studies with rhizobia, reported during the 
past 50 years, have established that these organisms have a com- 
paratively simple metabolism. The quantity of sugars consumed 
in respiration in comparison with that consumed in growth is 
smaller than for most bacterial species. The formation of inter- 
mediate products of carbohydrate oxidation, such as organic acids 
and alcohols, is usually almost negligible. The main by-product 
ordinarily formed is a complex gum (7), the quantity varying 
markedly nith the bacterial strain and growth conditions. This 
paper presents manometric and analytical data dealing with the 
respiration and growth metabolism of a strain of Rhizotnum grown 
under conditions such that practically no by-products were 
formed. The carbohydrate consumed is accounted for quanti- 
tatively and its efficiency of utilization calculated. From these 
data some idea can be had of the interrelations existing between 
respiration and growth. 


Methods 

The general procedure was to culture the organisms in a thin 
layer in large Erlenmeyer flasks and aseptically to remove 4 to 
10 cc. samples at various times, starting as soon as there was 
sufficient growth to study, and continuing until growth stopped. 
The samples were examined for oxygen consumption, COj pro- 
duction, respiratory quotient, dry weight of organisms, compo- 
sition of organisms, composition of medium, and efficiency of 
growth. Analyses were made directly on the growing cultures, 
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and not on “resting cells” centrifuged from the medium. Tte 
technique used was worked out in an effort to understand bolli 
the resting oxidation and growth metabolism, especially tlio ujc 
which the organism makes of the carbohydrate. 

Organism Studied — Bhizobium meliloti, No. 131, of the Uni- 
versity of Wisconsin cultures, obtained through the courtesj’ o! 
Dr. I. L, Baldwin, was used. This strain produces a negligible 
quantitj'^ of gum on our medium, is a rapidly growing organism of 
high infectiveness and effectiveness, and has been used in mucli 
of our previous work. 

Culture Conditions — The organisms were grorvn on a sncme- 
inorganic salts medium (1) containing iron and coenzyme R (6), 
with ammonia or nitrate nitrogen added as desired. The bac- 
teria were grown at 28'’ in 2 liter Brlenmeyer flasks containing 
medium to a depth of about 1 cm. The initial pH was 6.8 but as 
growth proceeded the ammonia cultures tended to hecoine slightly 
more acid and the nitrate ones more alkaline. The cultures 
were not aerated but were shaken well each day and before 
sampling. 

Respiration Measurements — The usual Warburg technique (3) 
was used at 28°, the measurements being made in duplicate. The 
respiratory quotient was determined by the first method of War- 
burg, in which the CO 2 is absorbed in Ba(OH )2 as the O 2 con- 
sumption is measured, and subsequently displaced by HCl tipped 
in from the side arm. 

Growth Measurements — The quantity of organisms present in a 
sample was determined by centrifuging 10 cc. aliquots, ^Yasl!ing 
once with distilled water, and determining oxidizablc material by 
the method of von Fellenberg (4). The sample is digested in a 
mixture of 0.1 N KjCriOr and concentrated H2SO4 and diluted, 
TCT is added, and the iodine, set free by the excess chromic acid, 
titrated with 0.1 N NajSsOj. Digestion for 1 hour on a steam batli 
gave better reproducibility than 15 minutes at room temperature 
as in the original method. An empirical factor of 1.25 cc. of O.l n 
K sCraO- per mg. of organisms was obtained by titration rcrstis 
dry weight analysis. 

Determination of Sugar and Eztracclhilar Growth Prudrmls— The 
modified procedure of von Fellenberg as given above was also use 
for the determination of oxidizable materials left in the mediuro 
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after centrifuging. The accuracy of the method for determ^- 
tion of sucrose vrith the theoretical factor was checked against 
optical actmty determinations. 

Analysis of Dried Bacteria— A sample of culture large enough 
to jdeld 10 to 20 mg. of dried bacteria was centrifuged, distilled 
water added and again centrifuged, and the bacteria finally dried 
in a vacuum desiccator over PiOs- They were analj’’zed for 
carbon and hydrogen by combustion and for nitrogen by the 
micro-Kjeldahl procedure. This latter method was checked 
against a micro-Dumas determination ndth excellent agreement. 


T.vble I 

Analysis of Bacterial Culture Medium for Cell By-Products and Unused Sugar 


Sample 

Sugar by 
titration 

Aveiaga 

Sugar by optical 
activity 


mg. po*cc. 

mg. jxrec. 

mg. per cc. 

0.400 % solution of glucose 

4.00 




3.95 




4.08 

4.01 

3.79 i 0.20 

Centrifugate from 10 day cul- 

i 13.52 

! 

! 

ture grovm on sucrose 

13.14 




13.43 




13.29 

13.35 

13.25 ± 0.15 

Centrifugate from 15 day cul- 

6.60 



ture grown on sucrose 

6.66 




6.68 

6.65 

6.69 i 0.15 

Centrifugate from 30 day cul- 

14.10 



ture grown on sucrose 

14.10 

14.10 

13.15 ± 0.15 


Results 

Analysis of Medium for By-Products and Unused Sugar — ^In 
Table I are reported analyses of the centrifugates from three 
tjTjical cultures gro-svn on sucrose, as well as of a standard glucose 
solution. The results obtained by titration are compared with 
those obtained b}”^ the optical activity method. 

The analyses show no gum or other oxidizable by-products in 
the centrifugate from 10 and 15 day cultures. The only oxidizable 
material present was unused sugar, as evidenced by the close 
agreement between values obtained by the optical activity and 
von FeUenberg methods. Gum formation would be easily de- 
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tected, since according to Grieg-Smith (5) its specific rotation is 
29°; the value for sucrose is 66.5°. 

The figures for the 30 day culture indicate that some 10 per cent 
of the extracellular material was not sucrose, but this fact is un- 
important in these studies of growing bacteria, since 10 and 15 
day cultures had already stopped growing without significant 
gum production. Undoubtedly a high percentage of the bacteria 
in the 30 day culture was dead and had undergone some autolysis. 

Table II 


Chemical Composition of Rhizobium meliloli 


Experiment 

No. 

Nitrogen. 

source 

Age of 
culture 

Carbon 

Hydrogen 

Nitrogen 

Ash’ 

i 


days 

per cent 

percent 

per cent 

per cent 

1-7 

KNOa 

3 

47.80 

6.87 

5.73 

(5.00) 

i 





5.76 


H-1 


6 

50.52 

7.14 

6.00 

5.50 





1 

6.06 


H-1 

<( 

20 

49.49 

6.94 

6.60 

4.91 






6.60 


I-IO 

NH«C1 

4 

50.20 

7.19 

6.15 

(5.00) 






6.24 


H-2 


20 

49.47 

7.07 

6.27 

4.79 

Mean . . 



49.50 

7.04 

6.17 

5.07 

“ ash-free basis. 


52.14 

7.42 

6.50 

0.00 


•The limits of all analyses are C 47.5 to 50.6, H 6.80 to 7.20, N 4.96 to 6.60. 

* The ash content of approximately 5 per cent is not to be considered 
as contamination with mineral salts. The medium before inoculation was 
clear except in the cultures of Experiments 1-7 and I-IO, where a turbidity 
due to insoluble phosphates was present and a large black ash (9 per cent) 
resulted on ignition. The analytical results. on these two cultures are 
calculated to 5 per cent and the subsequent calculations of economic 
coefficient are also based on this ash content. 

Composition of Bacteria — It was necessary to determine the 
empirical composition of the bacteria in order to know the type 
of s 3 Tithesis occurring, and to check the vahdity and constancy of 
the von Fellenberg procedure as a measure of dry weight. Table II 
gives analyses of bacteria taken from cultures used in obtaining the 
respiration data plotted in Figs. 1 and 2. 

The bacteria were remarkably constant in composition over the 
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QcOj (c.mm. of CO 2 per mg. of dry weight per hour), and by 
calculation the r.q. (QcOj/Qo,). The results of the measure- 
ments, usually continued over a period of 8 to 10 hours, are 
plotted in Figs. 1 and 2. 

High values for Qoj, QcOj, and r.q. were found in young cul- 
tures and all three decreased as the amount of growth approached 
the maximum. The Q 02 values were lower and the r.q. values 
much higher for nitrate cultures than for ammonia cultures, 
indicating that the oxygen of the nitrate was utilized. The 
final R.Q. value with both nitrogen sources approximated theoreti- 



Fig. 2. Correlation between rate of growth and rate of respiration of 
Rhizohium grown on nitrate nitrogen. 

cal for complete oxidation of sucrose and analysis showed a con- 
stant dry weight of organisms in the old cultures. 

Interpretation of the respiration data is greatly facilitated by 
plotting the Qco, and Q 02 figures against each other, as in Fig. 3. 
This shows a linear relationship above approximately 8, which is 
the basal Qoj (or QcOj) for old resting cultures, as well^ as for 
young centrifuged and washed organisms that are truly resting (2). 
The slope of this line (Qco^/Qoj - intercept) is interpreted as the 
R.Q. of growth, since growth and normal complete oxidation of 
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sucrose with simultaneous reduction of nitrate where present have 

Srsl™ to bs the only 

growth E.Q. thus determined has a ^alue 

cultures and 1.20 for those supplied ammoma nitrogen. 




Fig. 3. A plot of QcOi versus Qo- values for cultures of Ehizohium grown 
on nitrate and ammonia nitrogen. 


An over-all equation of growth, based upon the separate reac- 
tions mentioned, can be set up to fit the growth b.q., assuming 
that sucrose and nitrate are utilized to produce organisms of the 
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composition previously determined (Table II). These reactions 
may be represented as follows: 

7/12 C 12 H 22 OU + 7 O 2 — »• 7 CO 2 + 77/12 H 2 O (1) 

R.Q. = 1.0 

4/12 C 12 H 22 OH + 2 HNO 3 + ^H20 — > 2 NH 4 OH + 4 CO 2 ( 2 ) 

R.Q. = 00 

21/12 Ci 2 H 220 „ + 2 NH 4 OH C,6H32N20» + 2COi + 99/12 H 2 O ( 3 ) 

R.Q. = «> 

32/12 C 12 H 22 O 11 + 7 O 2 + 2HN08 (4) 

C 19 H 32 N 2 OS + ISCOj + 172/12 H 2 O 
R.Q. = 1.86 

Similar equations can be written to fit the growth r.q. of 1.20 
observed with ammonia nitrogen, since these organisms had the 
same composition as those grown on nitrate. These are as 
follows: 

10/12 C 12 H 22 O 11 + IOO 2 IOCO 2 + 110/12 H 2 O (5) 

R.Q. = 1.0 

21/12 C 12 H 22 OJ 1 + 2 NH 4 OH C,6H32N209 + 2 CO 2 + 99/12 H 2 O (6) 

R.Q. = « 

31/12 C 12 H 22 O 1 , + IOO 2 + 2 NH 4 OH (7) 

C 19 H 32 N 2 O 9 + I 2 CO 2 + 209/12 HsO 
R.Q. = 1.20 

These equations indicate that about 3 per cent less sucrose was 
consumed in producing a given quantity of bacteria with ammonia 
than with nitrate nitrogen. This is in general agreement with 
expectations, since nitrate reduction (Equation 2) requires sugar. 
If no more energy were required for Equation 6 than is represented 
by Equation 1 the over-all growth equation would be 

28/12 C 12 H 22 O 1 , + 7 O 2 + 2 NH 4 OH -> (8) 

C 19 H 32 N 2 O 9 -t- 9 CO 2 + 176/12 H 2 O 
R.Q. = 1.29 

There is little reason, however, to expect synthesis according to 
Equation 8, since over half of the sugar in Equation 2 is not used 
in nitrate reduction but is presumably available for growth. 

The accuracy of the r.q, value of 1.20 observed with ammonia 
nitrogen is less than that of 1.86 observed with nitrate, owing to 
the less steep slope (Fig. 3) and to fewer observations. The 
efficiency data given below and our knowledge of the energy re- 
quirements for nitrate reduction would indicate that the value of 
1.20 is slightly low. 
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It is not to be inferred that tbe reactions take place as nrritten. 
For instance, nitrate reduction probably never actually proceeds 
to NH 4 OH but some such tn)e of reaction does occur. Likewise, 
growth is of course far more complicated than the simple over-all 
reactions might indicate. 

Efficiency of Sugar U(Uization~Tbc efficiency of carbohydrate 
utilization is often expressed as the economic coefficient (mg. of 
dry weight of organisms produced per 100 mg. of sugar consumed). 
Dry weight, if related to the equations given previously, must 
include the constituent ash (qf. foot-note to Table II) which is a 
part of the synthesized cell. Calculated on this basis and with 
no allowance for basal respiration a theoretical efficiency of 49.8 
for Equation 4. 51.4 for Equation 7, and 56.9 for Equation 8 is 



Fig. 4. Economic coefneients of cultures of Rhizohivm grown on nitrate 
and ammonia nitrogen in the presence of excess sucrose. 

obtained for the synthesis. The observed economic coefficient 
should approach nearest to these limiting figures in tbe youngest 
cultures. The values observed according to two methods are 
given below. 

In the first method the economic coefficient was measured di- 
rectly on aliquots of the cultures used in the respiration studies by 
determining sugar utilization per unit of dry weight synthesized. 
In these cultures a considerable excess of sugar was always present 
and the determinations were thus subject to rather large errors, 
since both growth and decrease in sugar concentration, especially 
m the young cultures, were small. The economic coefficients 
shown m Fig. 4 represent over-all values for the entire growth 
period. In general these values, as well as those obtained with 
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other cultures, show initial efficiencies of about 45, decreasing to 
35 or 40 as growth reaches the naaximum, and then falling still 
further as the rate of growth becomes negligible. The values for 
young cultures are near theoretical and show that basal metabo- 
lism consumed only a small portion of the sugar. The efficiency 
was higher for organisms grovm with ammonia than with nitrate 
nitrogen, in agreement with theory. 

In the second type of determination of efficiency, growth was 
limited by the amount of sucrose present and any significant 
production of chemically oxidizable by-products would have been 
evidenced both by direct determination and by a lesser amount 
of synthesis. The period before measurable growth occurred 
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Fig. 6. Economic coefficients of cultures of Rhizobium grown on nitrate 
and ammonia nitrogen in the presence of limiting amounts of sucrose. 

was rather long because of the small inoculum used. The dry 
weights of bacteria (Fig. 5) show that during a 10 day period an 
0.087 per cent solution of sucrose was completely utilized with an 
economic coefficient of about 40 with ammonia and 37 with 
nitrate. This was only 10 to 20 per cent less than the maximum 
amount of growth attained with excess sugar and very young 
organisms. These growth measurements are consistent with the 
respiration data (Fig. 3) and the results in Fig. 4. Incidentally , 
these efficiencies are much higher than those commonly reported 
for other species of bacteria. 

DISCUSSION 

The experimental observations and calculations made furnish 
considerable definite information on the interrelations existing 
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between growth and respiration. When the Qo, and Qco, values 
of cultures at various stages of growth were plotted against each 
other (Fig. 3) a linear relationship was found to e-dst between 
values above the basal metabolism. The fact that the relation- 
ship is linear, and no products besides bacteria and COi were 
produced, furnishes very strong evidence that in a groving cul- 
ture two types of reactions are involved, one is the simple res- 
piration (basal metabolism) reaction and the other is the over- 
all growth reaction for which equations were established. Ap- 
proximately the same quantity of sugar per unit weight of bacteria 
is consumed in basal metabolism for resting and for growing 
cultures. This follows from the linearity of the QorQcOt rela- 
tionship as well as from the Qo, observed (2) for young resting 
cells. The growth reaction is merely added to the low basal 
oxidation that is always present. The rate of growth is therefore 
proportional to Qco. above the resting QcOj of about 8; that is, 
to (Qco. — 8). A Qco, of 48, for example, indicates that about 
five-sixths of the sugar being consumed is going to sjmthesis at 
the time of measurement. The rate of growth is likewise pro- 
portional to (Qoj — 8) provided the nitrogen source used does not 
carry utilizable oxygen. 

The evidence also indicates that the growth reaction is itself 
made up of at least two types of reactions. One of these (Equa- 
tion 6) involves the conversion of sugar and nitrogen into bac- 
teria, and the other (Equation 1 or 5) represents the oxidation of 
sugar to COj and HjO. One-fourth of the sugar used in the over- 
all growth reactions shown in Equations 4 and 8 (nitrate reduc- 
tion being neglected for the moment) is consumed according to 
Equation 1; the corresponding fraction for Equation 7 is approx- 
imately one-third. Apart from basal metabolism, then, a con- 
siderable quantity of sugar is required to sjmthesize bacterial cells. 

These studies show that the over-all growth efficiency of a 
culture can be determined either directly or from the Qco,-time 
curves, allowance being made for basal respiration. In the pres- 
ent experiments, however, direct comparisons of efficiencies so 
determined show general but not quantitative agreement. This 
IS not unexpected considering that the values in one case are for 
unaerated cultures kept in Erlenmeyer flasks and in the other 
c^e are for cultures kept in well aerated Warburg vessels during 
the period of the determinations. 
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Comparatively few studies have been reported in the past with 
microorganisms in which a complete accounting of the materials 
consumed and of the products formed was made, as has been 
done here with Rhizohium meliloti. These studies emphasize 
the need for additional investigations of this type. 

SUMMARY 

The results of respiration and chemical studies on growing cul- 
tures of Rhizohium meliloti, supplied with ammonia and nitrate 
nitrogen, are as follows : 

1. Essentially the only products formed were CO 2 , H 2 O, and 
bacterial cells of nearly constant composition with respect to age 
of culture and nitrogen source. 

2. The QcOi-Qoj relationship was analyzed graphically, and 
empirical equations established that describe the basal respira- 
tion and sjmthetic growth reactions occurring. 

3. The rate of growth was proportional to QcOj above 8, that is 
to (Qco. — 8). It was also proportional to (Qo^ — 8) if the nitro- 
gen source used did not furnish available oxygen. 

4. A theoretical maximum growth efficiency or economic coeffi- 
cient was calculated from the above findings. Direct determina- 
tions of economic coefficient by two methods agreed well with the 
theoretical value. Values of 40 to 60 were observed for very 
young cultures. 

The writers are greatly indebted to Mildred S. Sherman for the 
determinations of the chemical composition of the bacteria, and 
to C. A. Ludwig, D. Burk, and F. W. Minor for valuable criti- 
cisms. 
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Although the importance of blood iodine determinations in 
the study of thyroid functions has been clearly established, differ- 
ent methods have given widely varying values (2, 3, 7-9, 12, 13, 
19, 22, 24-26, 28, 31, 32, 35-38, 46, 50, 53). The present per- 
manganate acid ashing method has been developed after discovery 
of some of the errors and difficulties in the older methods. Per- 
manganate has previously been employed for the determination 
of iodine (17, 33)t but it has not been used in acid solution with 
substances such as blood, in which the amount of organic material 
is so large in proportion to the minute quantity of iodine. 

10 cc. of oxalated blood are oxidized with permanganate, dilute 
sulfuric acid, and the catalysts, ceric sulfate and copper. Distilla- 
tion of the iodine is effected with oxalic acid, which liberates free 
iodine from its oridized compounds. The iodine in the distillate 
is oxidized to iodate by permanganate as recommended by Gro4k 
(15), and is then detemuned quantitatively by a starch-thiosulfate 

* Some of the data in this paper are taken from the thesis presented 
by D. S. Riggs in partial fulfilment of the requirements for the degree of 
Doctor of Medicine, Yale University, 1939. 

t Theresa Seesael Fellow, Department of Physiology, Yale University 
School of Medicine, 1939-40. 

White and Rolf have recently published (54) a method for the deter- 
mination of diodrast and inorganic iodide iodine in urine, plasma, and 
trichloroacetic acid filtrates of blood or blood cells. This is apparently 
a modification of Grodk’s method which is used in the final step of our 
procedure. WWte and Rolf’s method is not applicable to the small 
amounts of iodine occurring in normal blood. 
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titration. The iodine in inorganic and organic compounds has 
been recovered in 59 analyses, in thirty-four of which the reagents 
were added directly to the compounds, and in twenty-five of 
which the reagents were added to a mixture of these compounds 
and blood. Duplicate determinations on twenty samples of 
normal blood have been made by this method. 

The discrepancies in blood iodine values are undoubtedly caused 
by certain difficulties which were encountered when both the 
alkaline ashing procedure and the chromic acid distillation tech- 
nique were tried in our laboratory.^ In the alkaline ashing meth- 
ods (7, 11, 12, 16, 20, 27, 31, 35, 45, 47, 53) the blood is heated 
with strong alkali to a fairly high temperature until destruction 
of the organic matter is complete. The charred mass is extracted 
with alcohol and the extract is evaporated to dryness. Iodine in 
the residue is determined by one of various methods. The volatil- 
ity of many iodine compounds at high temperatures, the difficulty 
of complete ashing without high temperatures, the danger of losses 
from many transfers and incomplete extraction, and the diffi- 
culty of obtaining iodine-free alkaline reagents contribute to the 
error of these methods. 

In the acid ashing methods (3, 10, 18, 23, 50, 52) blood is di- 
gested with chromic acid in sulfuric acid solution, thus oxidizing 
the iodine to iodate or iodine pentoxide. A suitable reducing 
reagent converts the iodine to the free form which can then be 
separated from the digest by distillation. This method has the 
advantages over the alkaline ashing method that it is quicker, 
permits complete oxidation of blood without the danger of volatili- 
zation of iodine compounds, and eliminates the transfers and diffi- 
culties of extraction. It has the disadvantages that in the older 
complicated apparatus vacuum or steam distillation is necessary 
to procure quantitative iodine recoveries, and that chromium 
compounds may contaminate the distillate and interfere in the 
final step of the procedure. 

Some oxidative step just before titration is essential in both the 
alkaline and acid ashing methods. Oxidation by bromine or 
chlorine has been used extensively but even minute quantities of 
excess bromine or chlorine may interfere seriously in the final 

1 Durlaoher, S. H., Blood iodine determination, unpublished thesis 
presented for the degree of Doctor of Medicine, Yale University, 1938. 
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titration. Matthews, Curtis, and Brode (23)^ eliminated the 
of bromine by adapting Grodk’s method of oxidation of the dis- 
tilled iodine by pennanganate. However, with chromic acid, 
volatilization of chromyl chloride or similar compounds may 
lead to high values. In our method any manganese compounds 
appearing in the distillate do not interfere, since they are com- 
pletely reduced together with the excess permanganate used in 
the final step to oxidize the iodine. Thus the danger of contam- 
nation of the distillate is eliminated and a simplified distilling 
apparatus without entrainment traps can be used. The distilling 
apparatus is indeed so simple that iodine can be carried over 
quantitatively without steam or vacuum distillation. 


A'p'paraius 


The all-Pyrex distilling apparatus^ with interchangeable ground 
glass joints is drawn to scale in Fig. 1. It consists of the following 
parts: A, digestion flask made from a 900 cc. Kjeldahl flask of 
which the long neck has been replaced by a ground glass joint; 
B, distilling arm connecting the flask with the condenser by two 
inside ground glass joints. The capillary tube attached to the 
dropping funnel extends to mthin 8.0 mm. of the bottom of the 
flask, A. The cross arm from the center of the capillary to the 
center of the condenser tube is 135 mm. long; C, short coil con- 
denser, the water jacket of which measures 170 mm. Below the 
water jacket is a dew cup; D, receiving flask made by cutting off 
the top of a thin glass, 250 cc. wide mouth Erlenmeyer At 

the base is joined a short horizontal side arm with a capacity of 
approximately 3 cc, and calibrated at 2 cc.; E, the thermometer, 
10 cm. long and calibrated in 1° di%Tsions from 120-200°, is at- 
tached by a heavy rubber band to the capillary tube of the 
distilling arm. 

Thermometer. 35 cm. long and graduated from 0-200°. 

Antibumps. 17 and 13 cm. long. A satisfactory type is made 


’ N. L., The determination of iodine in biological materials, 

unpublished thesis presented for the degree of Master of Science, Ohio 
State University, 1937. 

n«n Macalaster-Bicknell Com- 

panj, 412 Temple Street, New Haven, Connecticut. 
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from a short length of glass tubing joined end to end with a 
glass rod. 

Fisher burners. 

Electric hot-plate. 

Sand bath. A Pyrex pie plate covered with a thin layer of 
iodine-free sand serves as a convenient water bath for the oxida- 
tion step. 



Fig. 1. Distilling apparatus. A, digestion flask; B, distilling arm; C, 
short coil condenser; D, receiving flask; E, thermometer. 

Rehberg microburette similar in length and capacity to that 
described by Rehberg (41). The tip is attached to the burette 
by a ground glass joint and the terminal portion is drawn into a 
very fine capillary which dips under the surface of the solution 
during titration. 

Wash bottle. The Corning washing bottle No. 1110 (1933 
catalogue) is satisfactory but it should be provided with a saliva 
trap. 



197 


D. S. Riggs and E. B. Man 

PrepaTCtiion and Purification of Reagents 

Where not othersvise specified, analj-tical reagent chemi^ls 
are used. RedistiUed water is used not only in the preparation 
of solutions but also to rinse all apparatus. 

Redistilled water. Approrimately 200 gm. of potassium 
carbonate or hydroxide and a few glass antibumps are placed in 
a special 12 liter round bottomed distilling flask mounted on a 
shallow sand bath. The flask is half filled with distilled water, 
and connected to a water condenser by means of a ground glass 
joint. The sand bath is heated and the distillate is discarded 
until it becomes neutral to methyl red. More distilled water is 
added to the distilling flask as it is needed. The alkali should 
be replaced every 2 or 3 weeks. 

0.1 per cent potassium oxalate solution (39). 

Potassiiun permanganate. 700 gm. of crystalline potassium 
permanganate are dissolved as rapidly as possible by heating 
with 2500 cc. of water. The crystals should be stirred frequently 
until dissolved. As soon as the last crj’stals have disappeared, 
the solution is filtered through glass wool into a beaker and is 
stirred constantly while the beaker is chilled in ice water. The 
permanganate is suction-filtered on Whatman No. 42 filter paper 
in a Buchner fuimel, washed five times with cooled redistilled 
water, transferred to a large porcelain evaporating dish, and 
dried in an oven overnight at 100°. It may be necessary to re- 
peat this procedure once or twice. 

1 per cent potassium permanganate solution is made from the 
recrystallized reagent. 

0.2 M potassium permanganate solution. 31.6 gm. of recrystal- 
lized reagent are diluted to 1000 cc. nith redistilled water. This 
solution should be stored in a brown bottle in the dark. If a 
precipitate forms the solution should be filtered through a gla.gg 
fritted funnel. 

Copper metal, granular. 

Ceric sulfate.* 15 gm. of ceric sulfate are washed with 75 cc. 
of boiling 95 per cent redistilled ethyl alcohol. The ceric sulfate 
IS allowed to settle and most of the supernatant alcohol is de- 
canted. The remainder is filtered through a smaU filter paper, 

* G. Frederick Smith Chemical Company; Colmnbua, Ohio. 
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This procedure is repeated twice and the ceric sulfate is then 
dried in air at room temperature and stored in the refrigerator. 

18 N sulfuric acid (Merck or Mallinckrodt, c.p. analytical 
reagent, low nitrogen). Concentrated sulfuric acid is poured 
slowly into redistilled water in the proportion of 17 cc. of acid to 
20 cc. of water to make 34 cc. of solution. The sulfuric acid 
has been found to be essentially iodine-free. Boiling the con- 
centrated sulfuric acid for several hours did not alter the blank 
appreciably. 

8 N sulfuric acid. 

1 M potassium carbonate solution. 

0.1 M sodium bisulfite solution. 

Oxalic acid solution saturated at 30°. 500 gm. of oxalic acid 
(Mallinckrodt) are dissolved by heating to 90° in 400 cc. of water. 
The hot solution is filtered through fluted Whatman No. 1 filter 
paper into a beaker and is stirred constantly while the beaker is 
chilled in ice water. The crystals are filtered by suction on a 
Wliatman No. 42 filter paper in a Buchner funnel and are washed 
five times with chilled water. The crystals are kept in the dark 
at room temperature in a brown bottle with sufficient water to 
make a saturated solution, saturation being insured by a residue 
of undissolved acid. Just before use the solution is heated to 
approximately 30°. 

0.76 N sodium nitrite solution, 1.3 gm. per 50 cc. This solu- 
tion should be made up at least every 2 weeks. 

5 M urea solution. 

1 per cent stabilized arrowroot starch solution. 10 gm. of 
arrowroot starch are rubbed up with a little water and poured, 
with stirring, into 1000 cc. of boiling water. The solution is 
removed from the flame at once and allowed to cool. 1 gm. of 
salicylic acid is added as a preservative. The solution will keep 
indefinitely in the refrigerator but should be centrifuged 
before use. 

0.2 per cent potassium iodide solution. This must be freshly 
prepared daily. 

0.001 N sodium thiosulfate solution. Approximately 26.5 
gm. of sodium thiosulfate are diluted to 1000 cc. and the solu- 
tion is allowed to stand for 2 weeks in order that sulfur may be 
precipitated. This stock solution (approximately 0.1 n) keeps 
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weU if stored in the dark. The dilute solution, 1 part of stock 
solution made up -nith water to 100 cc., should be prepared^ not 
less frequently than once every 2 weeks and kept in the refriger- 
ator. It is standardized as follows: 2 cc. of 0.01 N biiodate solu- 
tion are pipetted into each of two titration flasks, 1 cc. of 1 per 
cent potassium iodide solution is added, and the flasks are cooled 
in ice water. 10 drops of 8 N sulfuric acid are added and the 
solution is immediately titrated with 0.001 N thiosulfate solution 
delivered from a 50 cc. burette calibrated at 0.1 cc. intervals. 
When the yellow color of free iodine has almost disappeared 
from the solution, 6 drops of 1 per cent starch solution are added 
and titration is continued to the disappearance of the blue starch- 
iodine color. The corrected titers of the two samples should 
check within 0.1 cc. The thiosulfate factor is obtained by 
dividing the theoretical titer (20.00 cc.) by the average of the 
observed titers. If the thiosulfate factor is too great, the con- 
centration of the stock solution should be adjusted by appro- 
priate dilution. 

0.1 K biiodate solution (39). 

Procedure 

Digestion — ^AU determinations and blanks are carried out in 
duplicate. 14 gm. of recrystallized potassium permanganate, a 
small piece of copper, and approximately 10 mg. of ceric sulfate 
are mixed with 15 to 25 cc. of water in a digestion flask. While 
the mixture is shaken, 10 cc. of oxalated blood are added. 10 cc. 
of 18 N sulfuric acid are then introduced and the flask is again 
shaken vigorously. A violent foaming reaction takes place dur- 
ing which no more acid should be added lest the contents boil out 
of the flask. After approximately 5 minutes, when the reaction 
subsides, 200 cc. of 18 n s^lKu^ic acid are added. Two large 
antibumps and a 200° thermometer are placed in the flnwk which 
IS supported on an asbestos wire gauze, on a ring-stand. Heat 
from a Fisher burner is applied gently at first and the flask is 
shaken until boiling commences. Just before this point foaming 
occasionally is excessive and it may be necessary to stop heating 
momentarily and to add a little water from a wash bottle. As 
soon as the mixture is boiling steadily, no further shaking is 
necessary' and the flame may be increased. Digestion is contin- 
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ued until a temperature of 195° is reached. The entire heating 
should take about 25 to 30 minutes. 

When the digest has cooled to below 100°, 150 cc. of 1.0 per 
cent potassium permanganate solution are added. The flask is 
reheated to 145°, during about 15 minutes. Constant shaking 
is necessary during this reheating in order to prevent bumping. 
When the digest has again cooled to below 100°, the thermometer 
is washed with 25 cc. of water and removed. 

Distillation — The digestion flask is attached by means of the 
ground glass joint to the distilling apparatus. The recehing 
flask, containing 1.0 cc. each of 1.0 M potassium carbonate and 
0.1 M sodium bisulfite, is tilted so that the tip of the condenser 
dips below the surface of the fluid. Heat is applied until the 
temperature of the digest reaches 138-140°. Saturated oxalic 
acid solution is added through the dropping funnel slowly enough 
so that the rate of the evolution of carbon dioxide is moderate and 
the temperature does not fall below 135°. Complete reduction is 
indicated by decolorization of the digest, although a few minutes 
may be required for the last black specks to disappear. At least 
2 or 3 cc. of oxalic acid in excess should be added to insure com- 
plete liberation of the iodine. A greater excess is inadvisable for 
the reason that will be mentioned under “Oxidation.” Until the 
digest is completely reduced, continuous shaking is necessarj’^ to 
prevent bumping. While distillation is continued slowly, water 
is added from time to time through the dropping funnel to keep 
the temperature between 135-145°. About 170 cc. of distillate 
should be collected during at least 30 minutes. 

The receiving flask is provided with a small antibump. On an 
electric hot-plate or an asbestos mat over a Fisher burner the 
distillate is evaporated to approximately 20 cc. The antibump 
is washed down and removed and evaporation is continued more 
slowly to prevent spattering until the volume is 6 or 7 cc. 

Oxidation, Modified from Grodk (15 ) — The flask is placed in a 
shallow 70-80° water bath on a hot-plate and 8 drops of 0.2 M 
potassium permanganate solution are added. If the 8 drops are 
decolorized, more permanganate is added until a permanent purple 
color is attained. If too large an excess of oxalic acid was added 
during distillation, more permanganate is required. After 4 
minutes, 10 drops of 8 n sulfuric acid are added. Carbon dioxide 
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from the carbonate is evolved but the purple color should 
After 4 more minutes the flask is removed from the vater bath 
and 0.75 n sodium nitrite solution is added dropwise Mth con- 
stant shaking until the solution is water-clear and no specks of 
manganese dioxide remain. 1 drop of nitrite is added in excess 
and the sides of the fllask are carefully washed by rotating the 
flask. 2 drops of 5 m urea are added at once and the sides of the 
flask are again carefully washed. The addition of the nitrite and 
urea should take about 1.5 minutes. The flask is replaced in the 
water bath until the solution comes to a volume of about 2.0 
cc. Estimation of the volume is facilitated by the use of a spe- 
cial flask provided at the base with a short side arm calibrated at 
2.0 cc. (see D in Fig. 1). 

Titration — ^The flask is chilled in ice water and a drop of 1.0 
per cent stabilized starch solution is added. 0.06 cc. of freshly 
prepared 0.2 per cent potassium iodide solution is pipetted into 
the solution and mixed by rotating the flask. Titration is effected 
■with 0.001 N sodiiun thiosulfate solution delivered from a Rehberg 
microburette. When the blue starch-iodine color has almost 
disappeared, the flask is again chilled in ice water. As the end- 
point is approached, not more than 0.0005 to 0.0008 cc. of thio- 
sulfate should be added at once. A comparison flask containing 
2 cc. of water and a drop of starch facilitates accurate estimation 
of the end-point. During addition of thiosulfate the tip of the 
microburette should dip below the surface of the solution which 
is being titrated. 

Blank — ^The technique for determining blanks is essentially the 
same as that used for blood except in two respects. The quantity 
of oxalic acid should be similar to that required in an analysis of 
blood. Therefore the original digestion must be prolonged to 
attain a degree of reduction of the permanganate equivalent to 
that which occurs with blood. Iodine must be added after evapo- 
ration of the distillate because the value of the blank is so small 
that accurate titration is impossible. 

15.5 gm. of permanganate, about 20 cc. of water, a piece of 
copper, approximately 10 mg. of ceric sulfate, and 210 cc. of 18 n 
sulfuric acid are mixed in the manner described for blood. The 
amount of anticoagulant as that used for one aliquot of 
blood should be included. The digest is heated to 195“, allowed 
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to cool below 100°, and after the addition of 100 cc. of water is 
reheated to 195°. 85 cc. of water are used to wash the thermom- 
eter. Distillation and evaporation of the distillate are carried 
out as in the blood method. Before oxidation of the 7 cc. of dis- 
tillate with permanganate a small accurately measured quantity 
of biiodate solution is added to each flask. (0.5 cc. of 0.00005 
N biiodate is convenient.) On the same day it is advisable to 
perform control titrations on the same amount of iodate added 
to a mixture of 1 cc. of 0.1 m sodium bisulfite and 1 cc. of 1.0 m 
potassium carbonate and carried through the final oxidation and 
titration processes. 

The value of the blank is the difference between the titers of the 
control iodate samples and of the distillate to which iodate was 
added. It does not exceed 0.0050 cc. of 0.001 N thiosulfate if the 
reagents have been carefully repurified. 

Discussion of Method 

The reactions in which iodates are formed by the action of 
permanganate on compounds of iodine have been studied by 
many investigators (4, 6, 14, 15, 29, 34, 40, 42, 48, 49). They 
have worked in alkaline, acid, and neutral solutions, '\\niether 
iodine oxides would be formed quantitatively in an acid per- 
manganate solution without interreactions with the chlorides 
and bromides normally present in blood was a problem. How- 
ever, Grodk had shown that bromine is volatilized when sulfuric 
acid and permanganate are boiled with bromides (14). During 
an iodine determination, as outlined in the procedure, a strong 
odor of halogens may be noticed after the addition of the sulfuric 
acid to the mixture of permanganate, catalysts, and blood. 
That no iodine is volatilized at this point is demonstrated by the 
recovery experiments. It seems justifiable to assume that there 
is no contamination from chlorides and bromides, because our 
values for iodine are such minute fractions of the amounts of these 
halogens in normal blood. Furthermore the normal range of 
blood iodine determined by this permanganate method agrees 
with the low values of other investigators, as will be discussed 
later. 

Leipert (18) suggested ceric sulfate as a catalyst in his original 
chromic acid ashing method and copper is widely used to catalyze 
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digestion in the Ejeldahl method. The results of a few analijs 
of blood with and without the catalysts did not differ sigmficantly , 
but enough experiments have not been performed to prove 
whether the catalysts are essential for the determination of iodine 
in substances other than blood. 

It is exceedingly important to use dilute (18 n) sulfuric acid. 
Concentrated (36 n) sulfuric acid must not be used, because the 
concentrated acid reacts with permanganate, even in aqueous 
solution, to liberate dangerously explosive purple fumes of highly 
oxidized manganese compounds (29). 

The second digestion with 1 per cent permanganate solution 
may not be essential, because in several instances in which this 
heating was omitted the results were identical with those from 
samples of blood heated twice. However, some decomposition 
products of organic material are liberated during the second heat- 
ing. Also, in the distillation process, reduction with oxalic acid 
solution proceeds more smoothly if the digest has been reheated 
with 1 per cent permanganate. 

During distillation it is extremely important that reduction 
should occur at a temperature above 135° and that distillation 
after the initial addition of the oxalic acid be continued for at 
least 30 minutes. When these specifications were not meticu- 
lously followed recoveries of iocfine were low. Tests for carbon 
monoxide in the gas liberated during distillation with oxalic acid 
were negative. 

Since the accuracy of the starch-iodine titration is influenced 
by a great many factors, consistent results depend very largely 
on maintaining constant conditions of titration. Some of these 
factors merit brief discussion. The acidity of the solution must 
be maintained within fairly narrow limits (5, 8, 33, 35, 52). 
Too small a concentration of acid gives low titers, while a large 
excess giv^es slightly high values. An acidity of approximately 
0.6 N in the solution to be titrated has been foimd satisfactory. 
The use of phosphoric acid as recommended by Grodk (15) and 
Matthews and associates (23)* results in a slow development of 
the starch-iodine color and erroneously high titers. The amount 
of potassium iodide added before titration must be carefully 
controlled (1, 5,_ 10, 35, 43, 50). In the presence of the large 
amount of salts in the solution after the Grodk oxidation, a large 
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excess of potassium iodide results in a purple or reddish mlet 
starch-iodine color and an indefinite yellowish end-point. If 
on the other hand, an insufiicient amount of iodide is added, the 
iodide-iodate reaction does not go to completion and titers are 
low. For amounts of iodate iodine up to 2 y, 0.06 cc. of 0.2 per 
cent potassium iodide solution is satisfactory. It is important 
to cool the titration flasks in ice water before, and at intervals 
during, titration because the sensitivity of the starch indicator 
varies inversely with the temperature (44).2 The source of light 
should be of constant strength and not bright enough to produce 
eye fatigue. A small Eastman x-ray illuminator with a sheet of 
thin white paper across the screen to soften the light has been 
extremely serviceable. The maximum depth of color is seen if 
the receiving flask is held at an angle so that the solution forms a 
shallow pool. 

Even under the most favorable conditions the starch indicator 
is never sufficiently sensitive to produce a visible color with mi- 
nute traces of iodine. Therefore a small amount of iodine will re- 
main untitrated when the starch-iodine color disappears at the 
observed end-point. Since this amount varies directly with the 
volume of the solution, it may be necessary to add a small volume 
correction to the observed titer (1, 10, 16, 23, 30, 35, 43, 44). 
It is advisable for each investigator to determine the correction 
independently, by comparing observed and theoretical titers of 
known iodine solutions. In this laboratory a volume correction 
of about -|-0.02 j (equivalent to about 0.0010 cc. of 0.001 n 
thiosulfate) per cc. of final volume has been employed. 

It seems scarcely necessary to stress the importance of avoiding 
sources of iodine contamination when such small quantities of 
iodine as are present in blood are being determined. Tincture of 
iodine should never be used in preparing the skin for venipuncture, 
nor should it be used by any of the laboratory ■workers. Extreme 
care should be exercised to keep hands and clothing free from 
iodine-containing solutions which might inadvertently be trans- 
ferred to apparatus or reagents. All bottles of chemicals which 
might liberate free halogens should either be kept securely stop- 
pered or removed from the laboratory. 

The amounts of the reagents used must be varied in proportion 
to the quantity of blood to be analyzed. The following formulae 
express the quantities required. 
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Gm. of KMiiO< = 1-2 (cc. of blood) + 2. (Decolorization 
during digestion indicates that the amount of permanganate \ras 
not sufficient and results in a low recoverj^ of iodine.) 

Cc. of 18 N HiS 04 = 13.3 (total gm. of KMnOi used). (It 
is especially important to use sufficient 18 n sulfuric acid, since, 
if less than the indicated quantity is used, a white precipitate 
forms during distillation and causes bumping.) 

Cc. of 1 per cent ICMnOi = approximately 10 cc. per gm. of 
KMnO* originally used but this amount must never be less than 
100 cc. 

Cc. of HiO after the second heating = 1 cc. per 8 cc. of 18 N 
H5S04. 

Calculations 


100 T - Bl 

Cc. blood used 0.0473 


Y iodine per 100 cc. blood 


T — obsen-ed titer corrected for burette calibration, thiosulfate 
factor, and volume correction. 

Bl = titer of blank corrected for burette calibration, thiosulfate 
factor, and volume correction. 

0.0473 = cc. of 0.001 n thiosulfate equivalent to 1 7 of iodine. 


expehuientau 

The permanganate method has been tested by analyzing vari- 
ous iodine compounds added to the reagents with and without 
blood, as shown in Tables I and II. Although indiiddual recover- 
ies ranged from 79 to 118 per cent, the average percentage re- 
coveries of two or more check determinations lay between 89 
and 103 per cent. 90 per cent of the 59 recoveries reported lay 
between 88 and 105 per cent. The average for the whole group 
was 95 per cent. The average error of the permanganate method, 
as shown by these experiments, is 6.5 per cent. As may be seen 
from the summary in Table II, recoveries were as satisfactory 
when the iodine was organic in form as when potassium iodide 
was added. In many of these experiments the iodine was added to 
blood which was also separately analyzed for its iodine content. 
The recoveries thus obtained by difference were as adequate as 
when the iodine compounds were digested with the reagents 
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alone. Prolonging the digestion by holding the digest at a 
temperature of 180-195° for half an hour did not increase the 

Table I 


Recoveries of Inorganic and Organic Iodine Analyzed Separately and after 

Mixing with Blood 


No. of 
analy- 
ses 

Iodine added 

Blood 

Total 

iodine 

found 

Iodine 

in 

blood 

alone 

Eecovery o! 
added iodine 

Ab 

Amount 



y 

cc. 

y 

B 

y 

per cent 

12 

KI . 

0.25 


0.24 


0.24 

% 

12 

(1 

0.60 


0.48 


0.48 

9B 

3 

H 

0.50 

10 

0.76 

mm 

0.48 

96 

3 

(t 

1.00 

10 

1.25 

iH 

0.95 

95 

3 

Thyroxine 

0.37 

10 

0.73 

0.35 

0.38 

103 

3 

It 

1.61 

10 

1.87 

0.41 

1.46 

91 

3 

tt 

1.61 

10 

1.84 

0.33 

1.51 

94 

3 


2.48 

10 

2.74 

0.41 

2.33 

94 

2 

lodo-horse-albumin* 

2.11 


2.04 


2.04 

97 

2 

It 

3.04 

10 

3.13 

0.33 

2.80 

. 92 

2 

“T” peptone* 

2.70 


2,43 


2.43 

90 

2 

(t tt * 

3.89 

8.8 

3.77 

0.29 

3.48 

89 

2 

KJJO It * 

1.79 


1.67 


1.67 

93 

3 

(t tt * 

1.61 


ISI 

0.31 

1.49 

93 

4 

“T” peptide* 

0.71 


B 


0.73 

103 


* These compounds were kindly supplied to us by Dr. W. T. Salter (21), 
Harvard Medical School. 


Table II 


Average Recoveries 



Without blood 

1 

With blood 

Total 


No. of 
anaiyses 

Recovery j 

No. of 
analyses | 

Recovery 

No. of 
analyses 

Recovery 

Inorganic 

24 

percenf 

96 

6 

per cent 

96 

30 

percent 

96 

Organic . . . . 

10 

97 

19 

94 

29 

% 

Total 

34 

96 

25 

94 

59 

95 


yield of iodine. It is highly unlikely that any iodine compounds 
appearing in blood would be more difficult to digest than thyroxine 
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or Lennan and Salter’s (21) synthetic iodized protein and its 
split-products. Average recoveries were somewhat more satis- 


Tabus III 

Normal Blood Iodine Values by Various Methods 



lavra tigstor 

Year 

Eobjeeia with normal Ihjrojda 

Ko. of 
cases 

Jlaao- 

xnina 

Mmi- 

jBvm 

Aver- 

age 





r 

rper 

7 per 





100 ce. 

iOOee. 

iCQec. 

Alkaline ashing 

Veil and Sturm (53) 

1925 

36 

20.0 

10.0 

12.8 


Orr and Leitch (31) 

1929 

16 

10.0 

4.0 

6.0 


Fowweather (12) 

1930 

13 

5.2 

3.6 

4.3 


Da-vis, Curtis, and Cole 

1934 

28 

16.2 

8.5 

11.9 


(7) 







Perkin and Cattell (36) 

1936 

114 

12.0* 

1.5 

6.8 


McCuUagh and McCul- 

1936 


12.0 

8.0 

10.0 


lagh (28) 







Grauer and Saier (13) 

1939 

9 

3.9 

2.3 

3.0 

Closed combus- 

Baumann and Metzger 

1932 


10.0 

8.6 

9.6 

tion methods 

(2) 







McClendon and Brat- 

1938 


14.0 

2.0 



ton (26) 






Chromic acid 

Leipert (19) 

1934 

40 

17 

9 

13 

ashing 

Stevens (50) 

1937 

15 

6.9 

3.3 

4.8 


Baumann and Metzger 

1937 

20 

• 4.4 

2.3 

3.0 


(3) 







Fashena (9) 

1938 

79f 

12.0 

3.0 

6.6 


Matthews, Curtis, and 

1938 




4.0 


Brode (23) 







Grauer and Saier (13) 

1939 

9 

4.5 

2.2 

3,2 

Permanganate 

Riggs and Man 

1940 

20 

3.7 

2.5 

3.1 

ashing 







method 








* In 1938 Perkin and Lahey say, "10 micrograms of iodine per hundred 
cubic centimeters of -whole blood is considered to be the upper limit of 
normal" (37). 

t Children from birth to 13 years old. 

tectory when the amount of iodine added did not exceed 20 7 
With larger amounts of iodine it is probable that the small quan- 
tity of potassium iodide added before titration is not quite suffi- 
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cient to force the iodide-iodate reaction to completion (35) 
Although the percentage error remains relatively constant for 
varying amounts of iodine, the absolute error (expressed in 7) is 
much less when the amount of iodine to be analyzed is small as 
in 10 cc. of blood. 

A summary of the duplicate determinations of the blood iodine 
of ten normal male and ten normal female subjects is presented 
at the end of Table III. The average difference between dupli- 
cates was less than 0.2 y per cent. The average blood iodine for 
the whole group was 3.1, with extremes of 2.5 and 3.7 7 per cent. 
The averages for the males and females were identical, 3.1 7 
per cent. However, when the number of our normal subjects 
is increased and when the analyses are continued throughout the 
year (most of our determinations were made in the fall and win- 
ter months), it is probable that the range of our normal values 
will be somewhat increased. 

DISCUSSION 

This permanganate distillation procedure gives iodine values 
in blood which agree with the low' quantities found by some 
previous investigators. These values are presented in Table III 
together with a small selection of the results obtained by various 
alkaline ashing methods. FowT\'eather (12), Grauer and Saier 
(13), Stevens (50), Baumann and Metzger (3), and Matthews, 
Curtis, and Brode (23) report average blood iodines from 3.0 to 
4.8 7 per cent, which agree closely with our average value of 3.1 7 
per cent. Our maximum blood iodine is the lowest in Table III. 
This may be related to the fact that our normal subjects have been 
exceptionally careful to avoid any contact with iodine before the 
blood was taken. Perkin el al. (38) have reported that tw'O sur- 
geons who of necessity w'ere exposed to iodine had blood iodines 
over 10 7 per cent. 

Of the nine average values in Table III w'hich far exceed our 
average seven were obtained by some alkaline ashing method. 
Baumann and Metzger (3) and Trevorrow (51) have discussed the 
errors which give high results in the alkaline ashing methods. 
They state that after alcoholic extraction of iodine some organic 
material or a pol3Tner from the alcohol in contact with alkali 
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interferes in the final titration and reacts \rith the thiosulfate to 
give high titers. Furthermore, the alkaline reagents are apt to 
include iodine impririties. In fact Perkin (35, 36) employs a blank 
of 0.2 r of iodine. This is more than the minimum of 0.15 y 
which he found in a 10 cc. aliquot of normal blood. Whatever 
the sources of error are, it is significant that Baumann and Metz- 
ger (3) and Curtis and his associates (23) did not corroborate 
their high values obtained by alkaline ashing methods when they 
changed to acid ashing procedures. However, Grauer and Saier 
(13) found almost identical average low values, 3.0 and 3.2 y 
per cent, when they compared alkaline and acid ashing methods. 
Of the values determined by the chromic acid ashing procedures 
only those of Leipert (19) and Fashena (9) exceed those obtained 
by om permanganate method. Leipert's use of arsenious acid 
as a reducing agent has been thought to give a “variable positive 
error” (51, 52). It is difficult to compare our results on normal 
adults with those of Fashena who worked with children from 
birth to 13 years in age and who has experienced difficulties with 
iodine contamination.' When the published criticisms of the 
alkaline ashing and Leipert's methods are considered, credence 
must be given to the low values for blood iodine of Stevens (50), 
Baumann and Metzger (3), Matthews, Curtis, and Erode (23), 
and Grauer and Saier (13). The iodine content of blood as de- 
termined by the permanganate method agrees closely with these 
low results. 


SUMJLABT 

A method is described for the' determination of iodine in blood. 
The blood is ashed with permanganate and sulfuric acid and the 
iodine is distilled from the digest after reduction with oxalic 
acid. The iodine in the distillate is oxidized to iodate by per- 
manganate, the excess permanganate is reduced, and the iodate is 
titrated with thjosulfate after the addition of potassium iodide. 

In 59 experiments inorganic and organic iodine has been re- 
covered with an average error of 6.5 per cent. The average 
recovery for all axperiments was 95 per cent. 

The average blood iodine of ten normal male and of ten normal 

‘Fashena, G. J., personal communication. 
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female adults was 3.1 r per cent. These results are compared 
with those of other investigators. 

Professor Edwin F. Gildea of the Department of Psychiatr)- 
and Professor John P. Peters of the Department of Internal 
Medicine have given encouragement and invaluable adwe and 
assistance throughout the course of this investigation. 
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IDENTIFICATION OF THE RICE FACTOR 
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of California, Berheley, and the Research Laboratory, Golden Slate 
Company, Ltd., San Francisco) 

(Received for publication, March 6, 1940) 

For some time (1, 2) there have existed indications that polished 
rice contains a chick growth factor not present in any significant 
amounts in yeast. Recently (3), it has been shown with a more 
complete diet that polished rice has a growth-promoting effect 
which cannot be provided by levels of dried yeast up to 15 per 
cent of the ration. 

It is our purpose to present results of further investigations of 
the “rice factor” which have led to the identification of its com- 
ponents in pure form, or at least in the form of pure active sub- 
stitutes. 

Methods and Results 

The basal diets used in this work have varied in minor details, 
since the work has proceeded simultaneously in both laboratories. 
Essentially, the diets have contained casein 30 per cent, or water- 
washed sardine meal 24 per cent, yeast 10 per cent, wheat germ 
oil or soy bean oil 3 per cent, adequate levels of aU the mineral 
elements, fish oil to supply ritamins A and D, and glucose or 
starch and sucrose to make up the balance. Single comb white 
Leghorn chicks were used as test animals and kept in metal, 
electrically heated, battery brooders. Experimental periods ex- 
tended for 2 weeks or more. 

In tests with the sardine meal diet, it was noted that growth was 
markedly increased when the pure carbohydrates were replaced 
by polished rice. However, the addition of dried cartilage to the 
basal diet also accelerated growth, indicating that cartilage pos- 
sessed a growth factor similar to that in polished rice. 
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In later experiments with the principal components of cartilage 
it was observed that both chondroitin and gelatin increased the 
gains made, but only partially, and that glycine, the principal 
amino acid in gelatin, could serve as well as the gelatin, indicating 
that the other amino acids of gelatin played no considerable part 
in the growth effects noted. It was then found that gelatin or 
synthetic glycine in combination with chondroitin* could cause a 
rate of growth equal to that observed in chicks on a cartilage-sup- 
plemented diet or on a rice-supplemented diet. These experiments 


Table I 

Influence of Various Supplements to “Rice Factor" Basal Diet 


Supplement* 

Fish meal basal diet 

Casein basal diet 

Level 

No. of 
chicks i 

Basal 

gain 

made 

Level 

1 

No. of 
chicks 

Basal 

gain 

made 


per cent 


per cent 

percent 


percent 

None 


16 

100 


6 

100 

Glycine 

2.0 

15 

103 

1.0 

7 

100 

Chondroitin 

2.5 

15 

112 

3.0 


100 

Gelatin 

5.0 

16 

109 

3.0 

mM 

mm 

Glycine 

2.0 

15 

129 

1.0 


■■ 

Chondroitin 

2.5 



3.0 



Gelatin -f 

5.0 

15 

143 

3.0 


102 

Chondroitin 

2.5 

1 


! 3.0 



Cartilage, dried 

5.0 

i 15 

145 

t 6.0 

D 

156 


* All supplements were used in replacement of an equal quantity of 
carbohydrate. 


were then confirmed with a basal diet containing casein instead of 
sardine meal. Similar results have been obtained repeatedly in 
both laboratories. Typical data are given in Table I. 

Arginine failed to increase the growth of chicks fed the basal 
diets plus glycine and chondroitin. Evidently, these basal diets 
were not deficient in arginine. Chicks fed practical rearing diets 
concurrently have shown essentially the same rate of gain as 
those on the most favorably supplemented experimental diets. 

1 The growth-promoting effect of the chondroitin preparation was not 
altered by further purification according to the lead salt procedure de- 
scribed by Hawk and Bergeim (4). 
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mscussios 

Our investigations have shomi that the “rice factor” can be 
identified with, or at least replaced by, a mbcture of glycine and 
chondroitin. Either of these added to the sardine meal basal 
ration, which undoubtedly contained small amounts of both, 
usually increased growth slightly but the greatest restoration of 
growth was produced by a combination of the two supplements. 
It is evident that each is a distinct growth factor for the chick. 
A casein basal diet, which apparently contains less of both glycine 
and chondroitin, permits little or no increase of growth when 
either is added alone, but when combinations or sources of both 
are added growth is markedly accelerated. 

In respect to chondroitin, our results confirm the conclusions of 
Robinson, Gray, Chesley, and Crandall (5) that this substance is 
(or contains) a growth factor for the chick. In respect to glycine, 
our results indicate for the first time that this amino acid is re- 
quired in the diet for optimum growth of the chick. Further 
experiments will be needed to decide on the degree of the essential 
nature of glycine for the chick. These results with glycine are 
striking because of the generally accepted \dew that glycine is 
not an essential amino acid for the rat (6). 

Attempts to employ glycine at levels higher than 1 per cent 
have not produced better growth. Levels higher than 2 per cent 
have given some evidence of greater mortality and a detrimental 
efiect on growth. This is possibly allied with the to.xic effect of 
glycine at high levels described by Patton (7). 

Hegsted, Oleson, Elvehjem, and Hart (8) have reported on a 
growth factor in cartilage and rice which was capable of increasing 
the growth of chicks. Their basal diet was composed of casein 
18, dextrin 64, soy bean oil 5, brewers’ yeast 5, liver extract 3, 
vitamin A and D concentrate, and minerals. In contrast to 
cartilage and rice, chondroitin, edestin, and arsine, fed sepa- 
rately, were without effect. The basal diet used by these workers 
was deficient in chondroitin, glycine, and probably arginine (9, 10) ; 
hence supplements which did not provide all of these factors 
failed to increase growth. 

We wish to acknowledge donations of chondroitin and dried 
cartilage by The Wilson Laboratories, Chicago, through the Mnd- 
ness of Dr. Darid Klein. 
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SUMMARY 

Glycine is required in the diet for optimum growth of the chick. 
When adequate glycine is present in the diet, chondroitin has a 
growth-promoting action on the chick. A combination of gly- 
cine and chondroitin can replace the “rice factor.” 
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VAEIIATIONS IN THE BLOOD CALCIUM AND PHOS- 
PHORUS WITH THE AGE OF THE DOG* 

Bt H. D. ANDERSON and C. A. ELVEHJEM 

{From the Deparlmenl of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison) 

(Received for publication, March 11, 1940) 

In a larger experiment designed to compare the nutritive values 
of commerciallj’’ available milks, calcium and inorganic phosphorus 
determmations on the dog blood ivere included as part of the 
routine examination. 

A progressive fall in the level of inorganic phosphorus of the 
blood of the puppies during the period of rapid growth raised the 
question whether this was a normal trend or one aggravated by 
a nutritional deficiency. Surveys of the literature showed no 
data which would correlate the levek of inorganic phosphorus 
with the age of the dog, so the following experiment was designed 
to determine the natural trends and to compare them "with those 
obtained in a moderate vitamin D deficiency. 

EXPERIMENTAL 

Weanling fox-terrier pups were employed in the major part of 
the study. Occasional analyses were made on growing pups from 
Airedale, great Dane, bull-terrier, and mongrel strains for com- 
parison . The rations employed were for the most part mineralized 
milk.i Raw, pasteurized, and evaporated milks were used but 
since no significant difference occurred between these groups, with 
regard to the calcium and phosphorus levels, no distinction will 

Published with the approval of the Director of the Wisconsin Agricul- 
tural Experiment Station. 

This work was supported in part by a grant from the Works Progress 
Administration. 

' The daily supply of minerals included 5 mg. of iron as the pyrophos- 
phate, 1 mg. of copper as the sulfate, 1 mg. of manganese as the chloride. 
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be made between them in this report. The other ration employed 
was a commercial dog food which has given satisfactory crowtii 
and reproduction. 

The animals were kept in a pen of galvanized iron wire, on a 
dry concrete floor which was covered with shavings. They were 
fed twice daily in earthen jars which were raised above the floor 
to prevent waste and contamination. Supplements were added 
to a small amount of milk for the morning ration. The evening 
supply was large enough to insure ad libitum consumption. 

Calcium and phosphorus determinations were made on the tri- 
chloroacetic acid filtrate of blood as described by Elvehjem and 

Table I 


Increase in Blood Inorganic Phosphorus of Dogs, Due to Acid Hydrolysis 


Time 

Inorganio P 

Increase 

hrs. 

mo. per cent 

mo. per cent 

per cent 

0.25 

3.05 , 



2.0 

3.17 

0.12 

3.9 

3.0 

3.21 

0.16 

5.2 

5.0 

3.28 

0.23 

7.6 

6.0 

3.35 

0.30 

9.8 

7.0 

3.40 

‘ 0.35 

11.5 

24.0 

3.63 

0.68 

19.0 


Kline (1). The blood was drawn from the jugular vein and dis- 
charged directly into the trichloroacetic acid. The phosphorus 
determinations were made wdth an Evelyn photoelectric colori- 
meter. 

Preliminary surveys of the analytical procedure indicated two 
factors which might introduce errors in the results— the diurnal 
variation, and the increase of inorganic phosphate in the filtrate 
due to acid hydrolysis. 

Shortly after a dog consumed milk, the inorganic phosphorus 
was found to increase as much as 30 per cent; otherwise the diurnal 
variation was practically negligible. The animals were therefore 
bled approximately 5 to 6 hours after the morning feeding and 
in relatively the same order. 

Table I shows typical data for the increase of inorganic phos- 
phorus due to hydrolysis in the trichloroacetic acid. All of the 
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readings reported here were made within 3 hours after bleedmg; 
hence the error due to hydrolysis is probably no g^ter than 5 
per cent, and in most cases considerably less. Bleeding the 
animals in the Same order would also senm to make these errom 
constant; thus the data would sen-e well for establishing the 
general trends due to the maturation of the animals. 



Fig. 1. Effect of vitamin D following vitamin D deficiency. The heavy 
curve = body weight, light curve = level of inorganic phosphorus in blood, 
dotted curve = level of calcium in blood. A = estrus, B == parturition, 
C = 30 X7.S.P, units of vitamin D per day, D = 125 units of vitamin 
D per day. 


In the attempt to produce a moderate vitamin D deficiency, 
five dogs (three females and two males) were placed on the min- 
eralized milk rations with no additional source of mtamin D. 
After 42 weeks (Fig. 1) the low level of inorganic phosphorus 
suggested that they might be suffering from a moderate litamin 
D deficiency. At this time the dogs were supplemented with 30 
tr.s.p, units of i-itamin D per day as cod liver oil. The results 
with Dog 1 shoivn in Fig. 1 are quite tj^pical of all the dogs. The 
rise in inorganic phosphorus of the blood of all fi%m of the fluinmk 
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following the administration of cod liver oil confirms the belief 
that a slight deficiency of vitamin D existed. 

Following the initial response to the cod liver oil the level of 
inorganic phosphorus again decreased and now the level of the 
cod liver oil was increased to supply 125 u.s.p. units of vitamin D 
per day. Again a rise was obtained but again there was a rather 
rapid return to the original level, in spite of the continued ad- 
ministration of the cod liver oil. 



Fig. 2. Effect of vitamin D on dogs receiving adequate vitamin D since 
weaning. The heavy curve = body weight, light curve = level of inorganic 
phosphorus in blood, dotted curve = level of calcium in blood. 


These results are typical of all five dogs of the original series. 
Each showed a temporary response which gradually subsided. 
In several cases, after the administration of cod liver oil, the 
inorganic phosphorus showed an initial drop, while the calcium 
rose sharply (in one instance reaching 14 mg. per 100 cc. of blood). 
These effects then gave way to the more general trends shown in 
Fig. 1. Although we have not ruled out the possibility of ad- 
ditional factors in the cod liver oil which might have influenced 
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the results, the majority of the results indicate that vitamm D 

was the primary factor concerned. _ 

Fig 2 presents data obtained from dogs receivmg adequate 
vita^ D from weaning. Dog 9 received 125 y.s.v of 

^•itamin D per day as cod liver oil in addition to mmerafeed milk. 
Dog 1 1 received the commercial dog food. Here agam the genera 
trend in the level of inorganic phosphorus was downward as the 
dogs developed. 



Fig. 3. Changesinbloodof dogs from birth to2 years of age. The heavy 
curve = body weight, light curve = level of inorganic phosphorus, dotted 
curve = level of calcium. 


In Fig. 3 data obtained from approximately twenty dogs during 
the period of rapid growth are summarized; after the 1st year 
the data are based on only five dogs. The inorganic phosphorus 
decreases, following a rather smooth curve. Levels as low as 
2.2 mg. per 100 cc. of blood have been observed, with no apparent 
ill effects to the dog. In general, however, the normal range for 
the mature dogs appears to lie between 2.6 and 4.0 mg. per 100 cc. 
of blood. 

The calcium levels in aU the animals were highly variable but 



222 Variations in Blood Ca and P with Age 

in general when a sharp drop occurred in the inorganic phosphorus 
there was a simultaneous rise in calcium. Over the 2 year period' 
however, the general trend seemed to be downward. 

Partition of the phosphorus of the blood from the origmal five 
dogs is summarized in Table II, The data are not complete 
enough to warrant definite conclusions but it would appear that 
the decrease with the age of the animal is not peculiar to the 
inorganic fraction but may take place in the other fractions as well. 

The decrease in the inorganic phosphorus of the blood as the 
dogs become mature suggests a relationship between the actively 
metabolizing tissue and the level of blood phosphorus. The 
correlation does not exist to the same degree in the actively metab- 
olizing tissues of pregnancy. Among the seven pregnancies so 


Table II 

Phosphorus Partition of Whole Blood in Dogs 


Ago 


Total P 

Total acid- 
Bolublo P 

Inorgonio P 

Vila, 


mg. per cent 

mg, per cent 

mg, per cent 

80 

High 

49.5 

33.3 

4.8 


Low 

38.4 1 

15.4 

2.2 


Average 

45.1 

24.4 

3.9 

120 

1 High 

, 40.0 

1 21.8 

1 3.4 


1 Low 

1 38.5 

18.0 

2.6 


Average 

39.2 1 

19.7 

2.8 


far observed there was only a slight rise in inorganic phosphorus, 
which sometimes continued throughout the lactation period. 

Since many of the existing data for inorganic phosphorus were 
based on analyses of serum, comparisons were made between the 
inorganic phosphorus of serum and whole blood. Results of 
thirty such determinations showed that a conversion factor of 
1.4 would give an approximate value for both serum calcium 
and serum inorganic phosphorus when multiplied by the values 
obtained on whole blood. 


DISCUSSION 

From the data presented it is apparent that mature dogs have 
a distinctly lower level of inorganic phosphorus than do young 
growing dogs. Such a condition has been noted in sheep (2), 
and in cattle (3) especially during the suckling period. In non- 
suckling calves the levels appear to be only moderately higher 
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than in the adults. In dogs, however, we have shown this decrease 
to be a progressive one, extending well into the 2nd year of the 

animal’s life. _ , . j- i. * 

Results of the phosphorus partition of the blood mdicate that 
our data compare favorably with those of other investigators 
(4, 5). Since we obtained the same general trends on each of the 
rations employed, it appears that this is a normal condition. 

Cheymol and Quinpuad (6) have reported a correlation between 
the calcium level of blood serum and the season of the year. 
Since the rises which they obseiamd occurred in the spring and 
fall (at which time most of their dogs were in heat), they have 
suggested a correlation with the estrous cycle. Our ration is not 
comparable to the one they employed and therefore it is difficult 
to compare our data, but the rise from 10.8 to 11.3 mg. per 100 
cc. of blood which they report as significant would be well within 
the weekly variations obtained with our animals. 


StIMMA.BV 

1. The inorganic phosphorus of dog blood was formd to decrease 
progressively throughout the growing period. 

2. A mild vitamin D deficiency was produced by feeding animals 
solely on mineralized milk. The administration of cod liver oil 
produced a rise in inorganic phosphorus and a fall in the level 
of calcium. 

3. The level of blood calcium was found to be highly variable 
on the rations which we employed. The ultimate trend in the 
level of calcium during the period of maturation was downward. 

4. Apparently the only correlation which could be made in- 
volving the calcium level was the sharp rise which occurred when 
there was a sharp fall in inorganic phosphorus. 

5. Since we obtained similar results using several different 
rations, it appears that these are normal trends for the dog. 
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THE SPECIFICITy OF CARBOXYPEPTIDASE 
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Nevs York) 

(Received for publication, March 18, 1940) 

All the information hitherto available vrith respect to the 
specificity of carboxypeptidase has been obtained by the use of 
crude enzyme preparations (1). Consequently, there still re- 
mains some vmcertainty as to whether the pretdouslj' reported 
hydrolyses of various synthetic substrates, attributed to the ac- 
tion of carboxypeptidase, are aU due to the same enzyme. In- 
deed, Abderhalden and Abderhalden (2) have advanced the 
hypothesis that the hydrolysis of chloroacetyltyrosine and of 
similar halogen-acylated amino acids and peptides is attributable 
to an acylase different from the genuine carboxypeptidase. The 
latter is assumed to attack only those polypeptides in which the 
amino group is masked by a benzoyl or naphthalenesulfonyl 
group. 

The specificity of carboxypeptidase has now been reinvesti- 
gated by means of crystalline carboxypeptidase preparations 
obtained by the method of Anson (3). Some of the results of 
this investigation are reported in Table I. It will be noted that 
the amount of enzyme required for the hydrolj'sis of a substrate 
varies widely with the nature of the substrate. 

The carbobenzoxyglycyl derivatives of several amino acids 
may be compared first. While carbobenzoxyglycylglycine is 
hydrolyzed rather slowly in the presence of 0.5 mg. of enzyme 
N per cc., carbobenzoxyglycyH-alanine requires only 0.08 mg. of 
enzyme N per cc. for a rather rapid hydrolysis. Finally, the car- 
bobenzoxj'glycine derivatives of 1-phenylalanine and Z-tyrosine 
are split in solutions containing only 0.3 y of enzyme N per cc. 

The carbobenzoxyglycyl derivatives of Z-phenylalanine and 

* Fellow of the Rockefeller Foundation. 
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Z-tyrosine are somewhat more sensitive toward carboxypeptidase 
than are the carbobenzoxy-Z-glutamyl derivatives of these amino 
acids. 

In order to reinvestigate the significance of the terminal car- 
boxyl group, carbobenzoxy-l-glutamyW-phenylalanine and car- 
bobenzoxy-Z-glutamyl-Z-phenylalanineamide were subjected to 
carboxypeptidase action. The relative amounts of enzyme 
employed for the experiments with the amide and the free acid 
were about 1000:1. Nevertheless, the amide was found to be 
resistant to enzymatic action, while the acid was hydrolyzed 
quite rapidly. 

The typical substrates for carboxypeptidase do not contain 
any free amino group. It is therefore the more remarkable that 
a-hippuryl-e-carbobenzoxy-Z-lysine is not split by carboxypep- 
tidase in contrast to the sensitivity of a-hippuryl-Z-lysine. In 
this case, the peptide containing a free amino group is attacked 
by the enzyme. When the free amino group is masked, the pep- 
tide is rendered resistant toward the enzymatic action, 

Z-Tyrosyl-Z-tyrosine and glycyl-Z-tyrosine are other substrates 
for carboxypeptidase that contain free amino groups. 

Benzoylglycylglycine is reported (1) to be resistant to the ac- 
tion of carboxypeptidase; however, it will be noted from Table I 
that when considerable amounts of the enzyme were employed, 
hydrolysis of this substrate could be effected. A still slower 
hydrolysis was found in the case of benzoyl-Z-phenylalanine. 

The fact that carbobenzoxyglycyl-Z-glutamic acid is split 
rather slowly by carboxypeptidase seems also to be worthy of 
mention. 

In the case of all the substrates hitherto subjected to the 
action of carboxypeptidase, the action of the enzyme has consisted 
in a splitting off of the amino acid residue bearing the terminal 
carboxyl group. 

' Chloroacetyl-Z-tyrosine is generally regarded as the typical 
substrate for carboxypeptidase and is therefore frequently used 
to identify and to estimate this enzyme (10). The use of chloro- 
acetyl-Z-tyrosine for the estimation of carboxypeptidase is ac- 
companied by two disadvantages. During the enzymatic hy- 
drolysis free tyrosine crystallizes out, thus making the performance 
of a quantitative determination a difficult procedure. Of greater 



Table I 

Behavior of Synlhelic Suhslralea toward Crystalline Carhoxypeptidase 


Substrate 


Carbobenzoxyglycyl- 
glycine (4)* 
Carbobenzoxyglycyl-I- 
alanine (5) 

Carbobenzoxyglycyl-J- 

phenylalanine 


Carb obenz oxygly cyl-J- 
tyrosine (6) 
Carbobenzoxy-Z- 
glutamyl-Z-phenyl- 
alanine (7) 


Carbobenzoxy-I- 
glutamyl-i-tyrosine (8) 


Carbobenzoxy-J- 
glutamyl-Z-phenyl- 
alanineamide* 
o-Hipptiryl-e-carbobenz- 
oxy-Z-lysine (9)* 
ot-Hippurj-l-Z-lysine 


Z-TjTosyl-Z-tyrosine (8) 
Glyoyl-Z-tyrosine 
Benzoylglycylglycine 
Benzoyl-Z-phenylala- 

nine* 

Carbobenzoxyglycyl.{- 
glutamic acid* 

Chloroacetyl-Z-tyrosine 

* Temperature 25°. 
t Tj-rosine crystallization, 
t NHr-N, found 7.6 per cent. 


Carboty- 
peptidase, 
3 times 
crystalUze^ 

pH 

Tune 

Hydrolysis 

Titration 

2 

*^C 

555 
c 2 

me. A’ par 


ire. 

per 

p«r 

ec. 



cent 

cent 

0.510 

7.5 

24 


30 



48 


50 

0.0S3 

7.3 

1 

66 




2 

81 




10 

102 


0.00037 

7.3 

1 

58 

58 



2 

80 

82 



4 

87 




24 

103 

93 

0.00037 

7.7 

1 


37 



2 


t 

0.00037 

7.4 

1 

13 




2 


19 



6 

31 




7 


37 



24 

61 

61 

0.00037 

7.4 

1 


5 



3 


21 



6 


36 



7 


t 

0.520 

7.9 

24 


0 



48 


5 

0.520 

7.4 

24 


8 



48 


8 

0.208 

7.4 

1 

23 




3 

52 




7 

79 




24 

91 


0.072 

7.5 

24 


t 

0.520 

7.5 

1 


t 

0.645 

7.5 

4 


11 



24 


t 

0.520 

7.2 

5 


64 



24 


80 

0.520 

7.2 

24 


20 



72 


34 

0.510 

7.4 

24 


12 



72 


38 

0.00037 

7.5 

24 


1 


Isolation of 
prodaets 


Carbobenz- 

o^glycine 


Z-Tyiosine 


/'Tyrosine 


Hippurio acid 


Z-TyrosineJ 


Hippuric acid 
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significance is the fact that the other hydrolytic product (he 
chloroacetic acid, has an inhibiting effect upon the enzjone (see 
Table II). Consequently, the splitting of chloroacetyl-l-tyrosine 
by carboxypeptidase does not follow the course of a first order 
reaction. On the other hand, the hydrolysis of carbobenzo.vy- 
glycyW-phenylalanine was found to accord rather closely witli 


Table II 

Inhibition of Crystallized Carboxypeptidase by Chloroacetic /IcW 
and Formaldehyde 


Substrate 

‘ 1 

Cnrboxy- 

peptidaao, 

3 times 
crystnllizcd 

pH 

Tem- 

pera- 

ture 

Time 

Hydrolysis 

No 

addi- 

tion 

Chloro- 
acotio 
acid* 1 


1 

me. N per ec.| 



/ire. 

per cent 

1 

per cent, 

percent 

Chloroacetyl-l~phenyl~ 

0.0039 

7.2 

40 , 

3 



2 

alanine (11) 



1 

24 



5 


0.0039 

7.5 

25 

1 

25 

10 

13 





2 

36 1 

18 1 

15 



1 


' 3 

47 

24 1 

17 

Carbobenzoxyglycyl- 

0.0720 

7.3 

40 

3 

73 

1 

2 

f-alanine 




24 

100 

1 

0 

Carbobenzoxyglycyl- 

0.00037 

7.4 

' 40 

3 

83 


0 

^-phenylalanine 




24‘ 

94 

1 

4 


0.00024t 

7.6 

25 

1 

16 

9 

4 





2 

32 

! 17 

3 





3 

45 

: 26 

3 


* 0.05 DIM sodium chloroacetate per cc, was added to the substrate solu- 
tion before the enzyme, 

t 0.2 cc. of 40 per cent formaldehyde (Merck) per cc. was added to the 
substrate solution before the enzyme. 

I This enzyme solution was kept in the ice box for several weeks previous 
to its use and thus had lost some of its activity. 

the kinetics of a first order reaction, as illustrated in Table III. 
The rate of reaction is approx'imately proportional to the enzyme 
concentration. 

In view of the foregoing, carbobenzoxyglycyl-Z-phenylalanine 

represents a very suitable substrate for determinations of carboxy- 
peptidase activity. 1 carboxypeptidase unit may be defined ns 
that quantity of enzyme which, when dissolved in 1 ml. of a solu- 
tion containing 0.05 mw of carbobenzoxyglycyl-l-phenylalanine, 
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under standard conditions* causes a hydrolysis rvith a reaction 
constant of K = 0.0020, v?here a is the initial concentration of 
substrate, a — x is the concentration of substrate at time i (in 
minutes), and K = 1 /t log a/ (a — x). 

The values reported in Table HI demonstrate that our four 
times crystallized enzyme preparation had an actimty correspond- 
ing to 6173 carboxypeptidase units per mg. of N. 1 unit was con- 
tained in about 1.1 7 of our crystallme carboxypeptidase. 

Table III 


Hydrolysis of Carbohenzoxyglycyl-l-Phenylalanine by Crystalline 
Carboxypeptidase at SB° 


Carboxyi>eptidase, 

4 times cn’BtalUzed; 
pH 7^ 

•nme 

Hydrolysis* 


mg.Kftree. 

min. 

j>a-cent 


0.000097 

60 

\ 15 

0.0012 


m 

1 28 

0.0012 


180 

40 

0.0012 

0.000194 1 

30 

15 

0.0024 

1 

60 i 

29 

0.0025 

1 

90 i 

41 

0.0025 


120 I 

49 1 

0.0024 


180 

63 

0.0024 


240 

77 

0.0027 

0.000388 

30 

32 

0.0056 


60 

53 

0.0055 


90 

68 

0.0055 


120 

77 

0.0053 


• Estimated in 1 cc. samples by NHt-N determination. 


In studies of the stability of carboxypeptidase under various 
conditions, the enzymatic activity is usually tested at the begin- 
mng and at the end of each treatment. In tests of this kind it 
js essential to begin each experiment with an enzyme concentra- 
tion so low that a decrease of the enzyme concentration during 
the experiment must result in a decrease of the speed of the 
enzjmabc hydrolysis. The initial enzyme concentration must 
be a different one for each synthetic substrate, because of the 


* See '‘Experimental." 
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fact that the various substrates differ widely in their sensitivity 
toward carboxypeptidase. Failure to take this important factor 
into account may lead to erroneous conclusions. Abderhalden 
and Abderhalden (2) have found that a solution containing 1 per 

Table IV 

Partial Inactivation of Crystalline Carboxypeptidase 
Two solutions, A and B, of twice crystallized carboxypeptidase were 
kept at 40“ and tested for activity by means of the hydrolysis of synthetic 
substrates at regular intervals in the usual manner. 


Experi- 

ment 

No. 

Substrate 

Initial enzyme 
concentration 

Time of 
inactiva- 
tion at 40“ 

pH 

Hydrolj’sis 

Durinz 

1 hr. at 40”, 

During 

21irs.BtJ5’ 

Solution A, 1.04 mg. N per cc. in m/ 3 disodium phosphate; pH 8,3 

1 


ms, iV per ce. 

hrs. 


per cent 

po- cent 

1 

Carbobenzoxy- 

0.083 


7.3 

67 



glyoyl-Z-ala- 


1 


46 



nine 


2 


30 


2 

Chloroacetyl-Z- 

0.016 


7.3 

65 



tryptophane 


1 


38 





2 


24 


3 


0.083 

0 

7,4 

94 





2 


88 


Solution B,* 0.0243 mg. ! 

N per cc. in . 

5 per cent sodium chloride; pH 7.6 

4 

Chloroacetyl-Z- 

0.0049 



■IH 

45 


phenylalanine 





29 







19 

5 

Carbobenzoxy- 

0.00024 




40 


glycyl-Z- 

1 

1 



24 


' phenylalanine 


2 



14 

6 

(( 

0.0049 

2 

■flu 

HH 

98 


* This enzyme solution was kept in the ice box for several weeks before 
its use and thus had lost some activity. 


cent of “carboxypeptidase/’ when kept at 56°, became inactive 
toward ,0-naphthalenesulfonylglycybZ-tyrosine much sooner than 
toward chloroacetyl-di-leucine. This finding was interpreted as 
indicating that the two substrates are split by two different 
enzymes. 
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It will be apparent from Experiments 1 and 2 of Table W that, 
when the initial enzyme concentrations are adapted to the sensi- 
tivity of the substrates, no indication of an enzymatic inhomo- 
geneity can be observed. It will be noticed that at 40° the 
activities toward chloroacetyl-I-tryptophane and carbobenzoxy- 
glycyl-Z-alanine are destroj'ed at about identical rates.- A com- 
parison of Experiments 1 and 3, however, shows that, when 
identical initial enzyme concentrations are employed for both 
substrates, the activity toward carbobenzoxyglycyl-I-alanine 
disappears much more rapidly. In Experiment 3 the initial 
enzyme concentration represents a huge excess. 

In Experiments 4 to 6 the inactivation was effected under 
slightly different conditions. Chloroacetyl-l-phenylalanine and 
carbobenzoxyglycyl-l-phenylalanine were employed as substrates. 
When the appropriate initial enzyme concentrations were em- 
ployed, the rate of enzjmie destruction was approximately the 
same for the two substrates; if identical enzyme concentrations 
were used for both substrates, as in Experiments 4 and 6, the ac- 
tivity toward chloroacetyl-I-phenylalanine appeared to be de- 
stroyed more rapidly. 

In the last analysis, all comparative enzyme experiments per- 
formed with the aid of simple substrates consist in a comparison 
of reaction velocities. Therefore, the initial enzyme concen- 
tration must be sufficiently low so that the observed hydrolysis 
can be taken as a true expression of the quantity of active enzyme. 
Experiments 3 and 6 of Table IV and the previously discussed 
experiments of Abderhalden do not satisfy this condition, and 
therefore cannot he interpreted as indicating an enzymatic in- 
homogeneity of crystalline carbojrypeptidase. 

With the use of various synthetic substrates, the action of 
formaldehyde upon carboxypeptidase has been studied. The 
e.xpeiments reported in Table II demonstrate that formaldehyde 
inactivates carboxypeptidase at 40° and also at 25°. 

The authors wish to express their thanks to Mr. Stephen M. 
Nagy who performed the analyses reported in this paper. 

at'se" carboxypeptidase proceeds more slowly than 
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EXPERIMENTAL 

Carbobenzoxyglycyl-l-Phenylalanine— To an ice-cold ethereal 
solution of Z-phenylalanine ethyl ester (prepared from 3.8 gm. of 
the hydrochloride) there were added, in two portions, 3.8 gm. of 
carbobenzoxyglycyl chloride dissolved in ether, the second 
portion being followed by 50 cc. of a saturated aqueous solution 
of potassium bicarbonate. The mixture was shaken for 30 min- 
utes and kept at room temperature for 1 hour. 2 cc. of pyridine 
were then added, and the reaction mixture was worked up in the 
usual manner. On saponification, the corresponding oily ester 
yielded 4 gm. of crystals which were purified by crystallization 
from a mixture of ethyl acetate and ether. M.p., 125-126°. 

CisHjoOiN,. Calculated. C 64.0, H 5.6, N 7.8 
356.4 Found. “ 63.7, “ 5.6, “ 7.7 

[“] D = -1-38.5° (5% in ethyl alcohol) 

178 mg. of this compound were hydrolyzed by carboxypeptidase. 
The hydrolysate was acidified to Congo red, filtered, and concen- 
trated to a small volume in vacuo. The concentrate was then ex- 
tracted several times with ethyl acetate. The combined ethyl 
acetate extracts were washed with water, dried over Na 2 S 04 , and 
concentrated, yielding 100 mg. of crystals (96 per cent of the 
theory) which were purified bj'' crystallization from a mixture of 
ether and petroleum ether. M.p., 120-121°. The mixed melt- 
ing point with carbobenzoxyglycine was 120-121°. 

CioHiiO^N (209.2). Calculated, N 6.7; found, N 6.7 

Estimation of Carboxypeptidase — To 445 mg. of carbobenzoxy- 
glycyl-l-phenylalanine are added 2.5 cc. of m/3 phosphate buffer 
of pH 7.6, 1.25 cc. of N sodium hydroxide, and enough water to 
make the total volume 10 cc. 2 cc. of the above substrate solu- 
tion are mixed with the carboxypeptidase solution to be tested, 
and the volume is made up to 5 cc. with water. The reaction 
mixture is kept at 25° and 1 cc. aliquots are withdrawn for amino 
nitrogen estimation at the beginning and at 1 and 2 hour inter- 
vals. 100 per cent hydrolysis of the substrate corresponds to an 
increase of 0.7 mg. of NH 2 -N. In the performance of such an 
estimation, the enzyme concentration in the test solution should 
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be so adjusted that, under the above conditions, the extent of 
hydrolysis in 1 hour is 10 to 30 per cent. 

CaTholenzoxyglycyl-l-Gluiamic Acid—ka ethyl acetate solution 
of Z-glutamic acid diethyl ester (prepared from 2.4 gm. of the hy- 
drochloride) was coupled with 1.1 gm. of carbobenzoxyglycyl 
chloride, as described for carbobenzoxyglycyl-Z-phenylalanine. 
The corresponding ester (2.9 gm.) was dissolved in 20 cc. of n 
NaOH by the addition of a few cc. of methanol, and allowed to 
stand for 2 hours. The solution was then acidified to Congo 
red with k HGl and concentrated to a small volume in vacuo. 
The crj'stals which had separated out were filtered off and puri- 
fied by crystallization from hot water. M.p., 160-162°; yield, 
1,2 gm. 

GisHisOjN). Calculated. C 53.3, H 5.4, Jf 8.3 

338.3 Found. “ 53.3, “ 5.4, “ 8.1 

= +4.0° (5% in ethyl alcohol) 

Carbohenzoxy-l-Glutamyld-PhenyManineamide — 1 gm. of car- 
bobenzoxj"-Z-glutamyl-f-phenylaIanine ethyl ester (7) was dis- 
solved in 100 cc. of methanol which had previously' been saturated 
nith dry ammonia. The solution was kept 3 days at room tem- 
perature and was then concentrated in vacuo. The residue was 
taken up in water and acidified to Congo red with n HCl. The 
cry'stals which separated out were filtered off, dried, and re- 
crj'stallized from methanol. Needles which melted at about 
185-187° were obtained. Yield, 500 mg. 

Calculated. C 61.8, H 5.9, N 9.8 

427.4 Found. " 61.6, “ 5.8, " 9.9 

a-HvpTpuryl-l-l/ysine — 2 gm. of a-hippuryl-e-carbobenzoxy-Z- 
h'sine (9) were dissolved in 20 cc. of methanol and hydrogenated 
in the presence of a palladium catalyst. The catalyst was then 
filtered off and the filtrate concentrated in vacuo, yielding a syrup 
which soon crystallized. The material, which was purified by 
crystallization from a mixture of water and dioxane, consisted of 
needles that melted at 236-238°. Yield, 1 gm. 

Ci»H,iO<N,. Calculated. C 58.6, H 6.9, N 13.6 

307.4 Found. " 58.6, “ 6.8, 13.5 (Dumas) 

Wd = -5.2° (2,5% in H»0) 
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192 mg. of this compound were hydrolyzed by carboxypeptidase. 
The hydrolysate was acidified, with Congo red as indicator, and 
evaporated in vacuo. The crystals thus obtained were recrystal- 
lized from hot water and melted at 188-190°. Yield, 93 mg. (83 
per cent of the theory). The mixed melting point with hippuric 
acid was 188-190°. 

CsHsOjN (179.2). Calculated, N 7.8; found, N 7.v 

Benzoylglycylglycine — This compound was prepared as described 
by Fischer (12). 

118 mg. of benzoylglycylglycine were hydrolyzed by carboxy- 
peptidase. 76 mg. (85 per cent of the theory) of hippuric acid 
were isolated from the hydrolysate in the manner previously 
described under the splitting of a-hippuryl-Z-lysine. The product 
melted at 188-190°. The mixed melting point with hippuric 
acid was 188-190°. 

C«H,OsN (179.2). Calculated, N 7.8; found, N 7.7 
Enzymatic Studies 

The crystalline carboxypeptidase was prepared and recrystal- 
lized according to the directions of Anson (3). The substrates 
containing a carboxyl group were used in the form of their sodium 
salts. The concentration of the substrates was 0.05 mn per cc. 
in all cases. The solutions were buffered by m/30 phosphate 
buffers. All the pH values were measured by the glass electrode. 
Except where otherwise stated, the temperature was 40°. The 
extent of hydrolysis was followed either by determining the amino 
nitrogen liberated in the Van Slyke microvolumetric apparatus 
or by measuring the liberated carboxyl groups according to the 
method of Grassmann and Heyde (13). Enzjune blanks and 
tests for the lability of the substrate in the absence of carboxy- 
peptidase were performed. 
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Although previous studies in this laboratory (1, 2) and else- 
where (3-5) have suggested in the action of arginase the participa- 
tion of a metal ion, the etddence in fat'or of this h 3 rpothesis 
heretofore has been of an indirect character, based in part upon 
observations of an increased rate of argininolysis in the presence 
of certain divalent ions. A seemingly less indirect support for 
the assumption was the finding of Edlbacher and Baur (4) that 
the actuity could be greatly decreased by prolonged dialysis of 
their preparations and then restored by the addition of certain 
ions, of which the most effective was apparently Mn"^, How- 
ever, the concentration of Mn"^ required for the restoration of 
even a small part of the activity was about 100 times greater than 
that found by us with purified arginase (see below). The above 
authors found Mn++ in both dialysate and protein fractions and 
apparently tested for the presence of no other metals. Their 
conclusion that Mn"'^ is the metal ion inv'olved seems therefore 
somewhat premature, especially in view of the observation re- 
corded below that Co++ b a concentration as low as the smallest 
found effective with Mn++ can under suitable conditions restore 
to reversibly inactivated enzyme even more activity than does 
the latter ion. 

Sbee the cmde liver extracts generally used as a source of 
arginase eontam a large number of metals, many of which pre- 
sumably are coordbated to a greater or lesser extent with the 

* sn the Department of Biochemistry, Ckilumbia Hnivereity, 
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various proteins, it seemed to us that little conclusive information 
as to the identity of the metallic constituent of arginase could be 
obtained until there be effected a separation of the enzyme from 
the excess of inactive substances present in these extracts. There- 
fore our first object in this investigation was the isolation of the 
enzyme. There has been achieved a partial purification; our 
best preparation was over 100 times as active as the liver powder 
used by Hellerman and Perkins (1). Direct spectroscopic 
analysis of the ash of this preparation as well as studies of its 
reversible inactivation and reactivation have given further 
evidence that arginase contains Mn++ (or possibly^ Fe++) as an 
essential metallic constituent. 

EXPERIMENTAL 

The composition and designation of the buffers used in testing 
the enzyme and in its isolation and inactivation are given in 
Table I. 

Method of Determination — ^The method used was essentially 
that described by Hellerman et ah (1, 2), with the following 
alterations. The reaction mixture consisted of 5 ml. of buffer, 
No. 7.5 P, 1 ml. of enzyme solution, and 1 ml, of 0.09 M arginine 
hydrochloride or other substrate, with further additions as indi- 
cated, in a total volume of 9 ml. After the reaction had been 
stopped in a boiling water bath, 8 mg. of NaCN and 0.1 gm. of 
crude urease were added and the solution left for only 15 minutes 
at 37° before aeration. Under these conditions, the blank due to 
the arginase activity in crude urease is less than 0.1 ml. of 0.02 n 
HCl. Since the enzyme was more active and the metal effects 
more reproducible with a more dilute buffer, the concentrated 
Buffer 7.5 P was replaced by 5 ml. of Buffer 7.6 P in some of the 
later experiments. However, the NaCN had then to be neutral- 
ized to avoid a large rise in pH with consequent increase in the 
blank; 0.5 ml. of a 1:1 mixture of 1 m KH 2 PO 4 and 1.6 per cent 
NaCN was therefore added in place of NaCN alone. Reaction 
mixtures containing more alkaline buffers (used in a few experi- 
ments) were neutralized with HCl before the addition of buffered 
cyanide. 


1 See under “Discussion.” 
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HeUerman and Perkins (1) found that the enzymatic hydroly^ 
of arginine followed under well defined conditions the course of a 
first order reaction. On this basis, the_ extent of hydrolysis in 
2 hours at 37° was measured with varying amounts of enzyme. 
It was found that when the rate of the reaction was expressed as 
fc = I log a/(a - X), where o = NHs produced when the reaction 
is allowed to go to completion and x — NHa found in 2 hours, 
k' was directly proportional to the concentration of enzyme for 
amounts causing between 10 and 75 per cent hydrolysis in Buffer 
7.5 P (Table I). When there were present 1.5 mg. of CoCIj • 6HjO 

Table I 


Composition of Bufers 


Buffer No. 

Composition 

pH 

4.3 Ac 

HCiH,Oj, 1.2 m; NaCjH,0,, 0.5 m 

4.3 (on dilution 1:5) 

5.4 Ac 

'• 0.084 m; “ 0.5 " 

5.4 (“ “ 1:5) 

7.0 P 

KHiPO,, 0.5 m; NaOH, 0.295 ji 

7.0 (“ “ 1:10) 

N.P. 1 

“ 0.002 u; KsHPO., 0.002 m 


7.5 P j 

“ 0.633 " " 0.1026 m 

7.48 (in test mixture) 

7.6 P 

“ 0.0569“ “ 0.00923 m 

7.53 " " " 

9.2 G 

Glycine, 0.126 “ NaCl, 0,126 m; 
NaOH, 0.054 m 

9.20 " " “ 


The pH of the first three buffers was calculated from their composition 
{cf. (6) pp. 200-220) and checked colorimetrically. The pH of the last 
three was measured with the shaking hydrogen electrode under the con- 
ditions uSed in the test (5 cc. of buffer, 1 cc. of 0.09 si arginine hydrochloride, 
and 3 cc. of water) except that the temperature was 30°. 

or 1.3 mg. of MhCIj-ffisO, fc' was of course greater, but still 
increased linearly with the enzyme concentration. Therefore, 
k', measured with 1 ml. of diluted enzyme in the test, divided by 
the dilution, is proportional to the concentration of enzyme 
(= [B]) in the original solution and [£!] times the volume is a 
mea^e of the total quantity denoted as U. Uco is calculated 
m the same way from fc'co, the rate with 1.5 mg. of CoClj-GHiO 
m the test mixture, and represents the total activity in the presence 
of exc^s Co++. At each stage in the purification of liver ar^ase 
he lutrogen content was determined by the micro-Ejeldahl 
procedure. We use as an indication of purity U:N, where 
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N = total mg. of nitrogen. The amount of enzyme, U, is always 
given in terms of its activity in Buffer 7.5 P. 

Purification of Arginase 

Unless otherwise stated, all dialyses were carried out against 
Buffer N. P. at 0°. All precipitates were separated by centrifuga- 
tion in a cold room at approximately 10° and then dissolved in 
water and enough Buffer 7.0 P to make the final phosphate con- 
centration 0.01 to 0.02 M. The yields are given for each separate 
step. 

Fresh ground beef liver was stirred with 1 volume of water, 
the mixture pressed through muslin, filtered, and the filtrate 
treated with acetone (1, 2). The precipitated, acetone-washed, 
dried powder was extracted four times with sufficient water to 
make a final total volume in ml. 20 times the number of gm. of 
original weight. This solution contained on the average 76 per 
cent of the actmty present in the liver extract; XJ'.N, 0.7 to 0.8. 

Acetone Fractionation — It was found advisable to test on small 
portions of the above solution the exact amounts of acetone 
necessary for the best yield of enzyme. Generally 0.50 volume of 
acetone was added, the inactive precipitate discarded, and a 
further 0.36 volume of acetone added to the supernatant to 
precipitate the enzyme. The suspension was allowed to stand 
2 to 3 hours between the addition of acetone and centrifugation 
in each step. The whole procedure was always carried out in 
1 day at a temperature not exceeding 10°. 

The active precipitate was dissolved in about an equal volume 
of water as soon as possible and dialyzed overnight. It was then 
heated in a water bath to 56-58° and kept at this temperature 
for 3 minutes, cooled in ice, and centrifuged to remove denatured 
protein. Yield, 67 per cent; U'.N, 1.9. 

From one later experiment it appears that the acetone /rach’ona- 
tion may be performed directly on the initial crude liver extract, 
with avoidance of the tedious drying with acetone. In this case 
0.4 volume of acetone was added to precipitate inactive proteins, 
and 0.23 volume of acetone per volume of supernatant was used 
to precipitate the enzyme. Yield, 67 per cent; U'.N, 1.9. 

Ammonium Sulfate Fractionation— The solution from the above 
step was brought to 0.42 saturation with (NH 4 ) 2 SO< by addition 
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of 0.73 volume of a saturated solution and left 4 to 24 houre at 
0-10°, after which it was centrifuged. The precipitate, containing 
5 to 20 per cent of the enzyme, was discarded, and the argmase 
precipitated by addition of 11 gm. of (NH«)aSO< to each 100 ml. 
of supernatant. The second precipitate was dialyzed for about 
15 hours. Tield, 50 to 80 per cent, average 67 per cent; U:N, 

2 to 5. 

Salicylate rreatment— Althougn this step often leads to no 
apparent improvement in purity, owing partly to a considerable 
destruction of enzyme, it is helpful in the removal of deeply 
colored impurities and in facilitation of further purification upon 
repetition of the ammonium sulfate step. The following reagents 
were added in the order given to the ice-cold solution {[E] = 20), 
0.091 volume of Buffer 7.0 P, 0.64 volume of 2 m sodium salicylate, 
and, after 2 to 3 minutes, 0.64 volume of saturated (NH<)^0<. 
The precipitate of denatured protein was removed at once by 
centrifugation for 20 minutes in the cold and the supernatant 
fluid dialyzed for about 20 hours. 26 gm. of (NB 4 ) 2 S 04 were 
then added for each 100 ml., the precipitate discarded, and 11 gm. 
of (NH4)2S0< added to the supernatant. The second precipitate 
was dialyzed for 15 to 20 hours. Yield, 33 to 53 per cent; U:N, 
2.9 to 7.2 {generally 3 to 3.5). 

The enzyme again was heated to 57° for 4 minutes and frac- 
tionated with (NB^lsSO* between 0.43 and 0.57 saturation by 
means of the addition of suitable amounts of a satmated solution. 
Yield, 53 to 87 per cent; U :N, 3.4 to 6.5. 

The heating and ammonimn sulfate fractionation steps were 
repeated imtil the solution was pale yellow in color and U'.Ii 
was 5 or greater. When U:N is larger than 4, it is advisable to 
have present 0.02 m phosphate buffer of pH 7 to avoid partial 
inactivation through the acidity of the ammonium sulfate. The 
buffer must not be added before heating, since in the presence of 
added phosphate (or other salt) arginase is partially destroyed at 
57 , although it is quite stable at 57° in the absence of added salt. 

FTadionation with Sodium Alizarin Sulfonaie—Buffev 5.4 Ac, 
0.2 %olume, and 0.1 to 0.3 volume of 4 per cent sodium alizarin 
sulfonate (the exact amount necessary must be determined by 
pretoinary tests) were added to the enzyme solution kept in an 
ice bath. The suspension was centrifuged after ^ to 1 hour; the 
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prscipitate was dissolved with Buffer 7.0 P and water, and the 
solution centrifuged to remove any insoluble material, after which 
the enzyme was reprecipitated by the addition of 0.2 volume of 
Buffer 5.4 Ac and sufficient 0.2 n acetic acid to bring the pH of the 
phosphate present to 5.4. The precipitate was dissolved to a 
volume such that [E] equaled 11, and then 0.05 volume of Buffer 
7.0 P was added. This solution was fractionated with ammonium 
sulfate between 0.33 and 0.57 saturation. The first (NH4)2S04 
precipitate contained most of the alizarin sulfonate and sometimes 
as much as 30 per cent of the enzyme; the latter could be recovered, 
after removal of the alizarin sulfonate by dialysis, by means of 
refractionation with (NH4)2S04. The main part of the arginase, 
in the precipitate at 0.5 saturation, was dialyzed first against 
Buffer N. P. for 1 day, and then for 2 days against conductivity 
water. The enzyme at this final stage was still colored by non- 
dialyzable alizarin sulfonate, for which there was found no con- 
venient means of removal. This did not seem to interfere wth 
the enz3mie activity. Yield, 47 to 67 per cent; U‘.N, 13.5 to 18. 

The over-all yield was about 5 per cent and U’.N 50 to 65 
times greater than in the crude extract (U’.N, 0.27). 

Reversible Inactivation 

The procedures used (3, 4) by other workers for reversible 
inactivation did not seem altogether suitable for the purpose of 
separating protein and metal ion. A treatment with HCl at 
pH 3 (3) is too rapidly destructive of enzyme and greatly pro- 
longed dialysis (4) is inconvenient. The most successful method 
found by us was the follomng. Of Buffer 4.3 Ac, 0.2 to 0.4 
volume was added to the ice-cold enzyme solution and the mixture 
left 12 hours at 0°; then enough saturated (NH4)2S04 was added 
to bring the solution to 0.57 saturation. 1 hour later the suspen- 
sion was centrifuged at 10°, and the precipitate washed once with 
0.57 saturated (NH4)2S04, dissolved in dilute phosphate buffer, 
and either tested at once or dialyzed overnight, first against 
Buffer N. P. and then conductivity water. This procedure was 
not completely satisfactory in that it gave rather variable results 
with different preparations and in no case removed all activity 
(the latter being based on tests in the absence of added metal 
ion); but if buffers of greater acidity were used there resulted 
irreversible inactivation, all action, even with added Co"*^, being 
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destroyed. The difficulty probably lay in the follo^-mgr at 
acidities greater than pH 5.0, the protein is denatured ^th 
increasing rapidity and the rate of dissociation oHhe metal is not 
sufficiently greater to allovr complete separation of the too 
processes. It was possible to obtain an estimate of aU the metals 
in one of these preparations before and after inactivation by a 
spectrographic method (7) which permits a semiquantitative 
determination of nearly all metals in one sample. The analyses 
were performed by Dr. M. Slardn of the Bureau of hlines and the 
authors wish to express here their gratitude for his cooperation. 


Tabue II 


Speclfoscopic Analysis of Purified Arginase and Dented Inactivated 
Preparations 


Eajynie No 

9A 

9R 

lOA 

J0R2 

IT, before inactivation 

283 

i 283 

! 267 

267 

RCo “ 

It 

1060 

! 1060 


1500 

U, after 

It 



1 

104 

Rco " 

tt 




1500 

Cu 


Present 

Present 

4.6 7 

2.2 7 

Pe 


« 

tt ! 


23 7 

Mg 


il 

tt 

16 7 

3.5 7 

Ain 


II 

Trace 

7.7 7 

2.2 7 


Enzymes 9A and lO.A were purified arginase preparations from which, 
respectively, Enzymes 9R and 10R2, partially inactivated preparations, 
were derived by the procedure described in the text. The amount of Mn 
in Enzyme 9A was estimated as roughly 10 times greater than that in 9R. 

R is a measure of the total quantity of arginase; Uca, of the total activ- 
ity in the presence of excess Co++. See “Method .of determination.'’ 

The complete analysis by separate chemical methods would have 
been impossible owing to the prohibitive quantity of material 
which would have been required. The samples were ashed in 
platinum crucibles, additions being 23 mg. of NaCl as a diluent and 
0.5 cc. of HiSOi to aid in the destruction of organic matter. A 
sample of BuSer N, P. was treated amilarly and taken as a blank. 
Unfortunately, in the case of Enzyme 9, which on treatment with 
acetate and ammonium sulfate yielded a preparation, En 2 yme 9E. 
which reteined offiy a ninth of the initial activity (alone), but was 
completely reactivatable in the presence of Co"^ (cf. Table II 
second and third columns), the ash was so hygroscopic, owing to 
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Table III 


EnEyme 

No. 



Other additions 

A:'of 



Amount 

added 


original 

inac- 

rcnc- 

of metal 



m xest 


■B 

tivstion 

tivation 

in 

original 

10R7 

Mn-H- 

7 

0.005 


0.160 

0.093 

0.090 

7 

0.005 



0.011 


Same 

Same 

0.132 

Same 


tt 

0.022 


tt 

tt 

0.155 

ft 


It 

0.043 


ft 

tt 

0.266 

tt 


tt 

0.54 


tt 

tt 

0.284 

tt 

10R6 

it 

0.011 


0.189 

0.038 

0.076 

0.005 


it 

0.043 


Same 

Same 

0.124 

Same 

' 

Cu++ 

0.006 


tt 

tt 

0.033 

0.003 


it 

0.024 


tt 

tt 

0.033 

Same 


Fe++ 

0.06 


tt 

tt 

0.025 

0.03 


tt 

0.024 


tt 

tt 


Same 


Mg++ 

0.06 


tt 

tt 


0.01 

lOS 

Mn++ 

0.011 


0.188 

0.029 


0.005 


/Mn++ 

[Fe^ 

O.Olll 

0.061/ 

Fe powder 

Same 

Same 

0.057 

0.0051 

0.028J 


Fe-H- 

0.06 

Cysteine 

tt 

tt 

0.029 

0.028 


it 

0.24 

tt 

tt 

tt 

0.058 

Same 


it 

0.24 

Fe powder 

tt 

tt 

0.049 

ft 

11R2 

Mn++ 

0.01 


0.269 

0.092 

0.201 

0.006 


it 

0.04 


Same 

Same 

0.560 

Same 


CO-H- 

0.01 


ft 

tt 

0.528 

0.000 

11R3 

Mn++ 

0.01 


0.278 

0.114 

0.223 

0.006 


Fe++ 

0.036 

Fe powder 

Same 

Same 

0.148 

0.03 


tt 

0.121 

it it 

ft 

ft 

0.155 

Same 

11R4 

it 

0.08 


0.278 

0.098 

0.136 

0.03 


/Fe-H- 

(Mn-H- 

0.04 1 
0.006/ 

Fe powder j 

Same 

Same j 

0.164 

0.03 \ 
0.006/ 


Tests on Enzymes 10R7, 10R6, and lOS were carried out with phosphate 
buffer No. 7.5 P (/i = 1.1); those on Enzymes 11R2, 11R3, and 11R4, with 
phosphate buffer No. 7.6 P (#i = 0.1). The metal estimated present in the 
untreated enzyme (last column) on the basis of enzymic activity and the 
analysis of Enzyme lOA is corrected in the tests involving Buffer 7.6 P 
to take account of the increased rate (one-third greater) in the dilute as 
compared with the concentrated buffer. Cysteine, where used, was added 
as the neutralized hydrochloride, 0.01 mg. being present in the test. Fe 
powder was a “c.P. reduced iron.” 


the use in this instance of KCl as diluent, that it could not be 
weighed. Qualitatively the intensity of the various spectral 
lines indicated that of the various metals originally present only 
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Mn was appreciably lower in this inactivated enzyme preparation. 
A complete analysis was obtainable for Enzyme_ lOA and the 
acid-inactivated preparation Enzyme lOM denved from i . 
The results are given in Table 11. According to Dr. Slavin, the 
absolute values may be in error by ±100 per cent, but the relative 
accuracy for any one metal in different samples is much greater 
(±10 per cent). The results have been corrected for the blank, 
which was zero in the case of Mn, 5 per cent of the total amount in 
Enzyme lOA for Ed, 20 per cent for Cu, and 27 per cent for Mg. 
V, Mo, Al, Si, and Ft were also present, and the concentration of 
these decreased on acid treatment. 

In studying the reactivation of acid-inactivated arginase by 
traces of metal ions, we noted that the ma.vimiim effect was obtain- 
able only when enzyme and metal ion were mixed in a concentra- 
tion at least 10 to 50 times greater than in the solution added in the 
test. The constituents could be mixed in the absence of buffer, 
in the presence of 0.02 m phosphate between pH 7 and 7.5, or in 
0.02 M glycine between pH 8 and 9 without alteration of the extent 
of activation. Citrate, concentrated or alkahne phosphate, or 
any buffer of pH lower than 6 apparently prevented the addition 
reaction of metal ion and enzyme. The results of the reactivation 
e.xperimeuts are shown in Table III. The values of k' are all 
given for dilutions corresponding to those used with unaltered 
enzyme, after any volume changes involved in the procedures used 
have been taken into account. The last column contains an 
estimate, based upon the spectrographic analysis and acti-vity of 
Enzyme lOA (Table 11), of the amount of metal actually present 
before acid treatment in the quantity of enzyme used in the test. 


Hydrolysis of Canavanine and Several Other Guanidino Compounds 

The degree of hydrolysis of canavanine in the presence of simi- 
larly tr^ted arginase preparations is given in Table R'' and com- 
pared with that of l(-f )-arginine under the same conditions. The 
acth-ity is expressed as per cent hydrolysis in 2 hours at 37°, since 
the lanetics of the reaction are not known. The canavanine was 
prepared from jack bean meal (8); its purity was established by 
analysis- (calculated, C 34.07, H 6.86; found, C 34.1, H 6.6). 

A few measurements were made with other selected guanidino 
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Table IV 


Comparative Activity of Purified Arginase toward l(+)-Argininc and 

Canavanine 


Enzymo 

No. 

Metal in test 

Per cent hydrolysis 

pH 



Arginino 

Canavanine 

Arginine 

Canavanine 

ns 


7 

65 

50 

7.53 

7.82 

n 

Mn++ 

1300 

85 

60 

Same 

Same 

tt 

Co++ 

1500 

96 

80 

tl 

(( 

11R3 



33 

30 

tt 

(( 

11R2 

Mn-«- 

0.01 

49 

29 

tt 

tt 

11E3 

Fe-H- 

0.08 

47 

27 

tt 

tt 

11R3 

/Fe++ 

\Mn++ 

0.04 1 
0.006] 

55 

29 

tt 

tt 

IIK 



54* 

50 

6.74 

6.74 

tl 



64 

50 

7.53 

7,82 

II 



86 

4.5 

9.20 

9.20 


* This value is calculated from the pH-activity curve of arginase- 
arginine, since the solutions of arginine and canavanine in this buffer 
differed in pH. They differ similarly for the buffer of pH 7.53 but no 
correction was necessary here, inasmuch as the activity toward arginine 
in phosphate buffers of ;i = 0.1 changes negligibly between pH 7.4 and 7.9. 
The pH of the two substrate-buffer solutions was the same in the glycine 
buffer No. 9.2 G. 


Table V 

' Hydrolysis of Guanidino Compounds in Presence of Concentrated Purified 

Arginase 

The figures represent per cent hydrolysis under the stated conditions 
at 37°. 


Substrate 

Buffer 7.6 P, 2 hrs. 

Buffer 0.2 G, 2 hrs. 

BufforO.2 G, 
25 hrs. 

Alone 

Plus Co++ 



Plus Mn'*+ 

Agmatine sulfate, 23.2 mg. . 

4 

16 

5 

66 

70 

5-Guanidinovaleric acid. 






15.9 mg 

0.6 

3 

0.5 

21 

94 

p-Toluenesulfonylarginine, 






20.6 mg 

0.0 

: 0.7 

1 

11 

94* 


* Incubated 44 hours. 
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compounds in an attempt to determine further to what extent fte 
apparent narrow specificity of arginase is a quantitative rather 
than a qualitative one. In each of these experiments there were 
present 170 times the concentration of purified arginase necessary 
to bring about in 2 hours at 37° 55 per cent hydrolysis of l{+)- 
arginine in Buffer 7.6 P, or 67 per cent in Bi^er 9.2 G. The 
results in terms of per cent hydrolysis are given in Table V. 
Blanks in the absence of arginase, with all other conditions xm- 
changed, were alwaj^s less than 0.1 ml. of 0.02 n HCI for all sub- 
strates in phosphate buffer and for p-toluenesulfonylargmine and 
6-guanidinovaleric acid in the glycine buffer, 0.3 ml. for agmatine 
sulfate in the latter. Blanks in controls with added arginase 
without subsequent addition of urease in the runs with glycine 
buffer and added Mn"^ were always less than those without 
ar^ase; this was taken to indicate that from these compounds, 
as from arginine, the enzyme forms urea and no ammonia (cf. (2)). 

The identity of each substance used as a substrate was deter- 
mined by its physical properties and by its analysis.** Of the 
materials used, only the agmatine was purchased on the market; 
after recrj'stallization, this remained slightly impure. The choice 
of substrates selected for study was determined by their structural 
relationship to arginine, as indicated in the following. 


2(-f)-Arginine Hi\=C(NH;)~N(H:)-CHi~(CHj)i-CH(NHs) (COOH) 

Canavaiune HN=C(i\H,)— N(H)-0-(CH5):-CH(NHj) (COOH) 


(a)N-p-TolueDesulfonyl- 

i2(+)J-arginine (9) . . .Hi\==C(NHj)— N(H)-CHr-(CH,)i-C(H)-COOH 

t 

. HNSOAH 4 CH, 

«-Guamdinovalenc acid HH=C(NHd-N(H)-CHr-(CHdr-CH— COOH 
Hi\=C(NH,)-N(H)-CHr-{CH,)r-CH^NH, 


DISCUSSION 


The rather large number of metals found in the spectrographic 
analysis of the ash of the best arginase preparation available 
show^ that the purification had not yet proceeded far enough to 
pe^t a direct obsenmtion of any one metal naturally associated 
mth the enzyme. The presence in blanks of most of these metals, 

StWewlT negligible, suggests the necessity 

ultimately of ngorous purification of all salts used in the isolation 
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procedure, since proteins tend to form difficultly separable com- 
plexes with many divalent metal ions. The latter applies especially 
in the less acid regions of pH in which it is necessary to operate 
with arginase, an enzyme exhibiting marked instability in slightly 
acid solution. 

It was found that treatment at pH 4.3 removed from enzyme 
preparation No. lOA all of the metals to approximately the same 
extent. Nevertheless, from the spectroscopic analysis, taken 
together with data on the effect of added substances, it is possible 
to draw some conclusions. Of the several ions which have been 
reported (1, 3) to activate arginase, Co+'^, Ni++, Zn++, and Cd++ 
were absent and vanadium was present in an amount no greater 
than in the blank. We found Mg++ and Cu++ in low concentra- 
tions to be wholly incompetent to activate; in higher concentra- 
tions Cu++ is known to inactivate markedly (1). There arc no 
data on the effect of cuprous copper. Solid CU 2 O destroyed our 
enzyme completely, but this might have resulted from a partial 
oxidation to Cu++. However, it seems unlikely that Cu+ could be 
involved in view of the observed insensitivity of purified arginase 
to such oxidizing agents as K 3 Fe(CN)c and oxygen as well as to 
cyanide. The presence of 0.01 m K 3 Fe(CN )6 led only to a slight 
lowering of activity, differing but little from the effect of 0.01 m 
K 4 Fe(CN) 6 . Furthermore, there was observed no effect from a 
treatment of the enzyme with 0.02 m cyanide at pH 8 for 12 hours, 
followed by precipitation of the enzjune with ammonium sulfate 
and its dialysis for 2 days against 0.01 m cyanide; such a procedure 
is known to remove completely the Cu+ from hemocyanins and 
polyphenol oxidase (10). 

Of the other metals present, we found only Mn++, and less 
consistently Fe++, to be capable of restoring any activity to 
partially inactivated arginase (c/. Table III). The rate of hy- 
drolysis as catalyzed by the acid-treated enzyme can be increased 
significantly by an amount of Mn"*^ equal in the test solution to 
0.0012 7 per cc. or 2 X 10"® mM,^ which is about twice that 
found in the purified arginase. By the addition of 4 times that 
amount of Mn++, the rate can be raised above the level observed 
in the presence of the untreated purified enzyme. 

* There is induced by Co'*^ added in this concentration an even greater 
activity (c/. Table III), in contrast to the finding of Edlbacher and Baur (4). 
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The results vrith we somewhat ambiguous. In apparent 
contrast to the findings of some other workers (11-14) but m 
agreement with Edlbacher and Baur (4), Urge amounts (3 mg. of 
FeS04.7H:0), added directly to the test, were found to lead to no 
activation or reactivation with or without cysteine or other 
reducing agent. In some instances there resulted rather less 
acthdty. On the other hand, we have obseiwed that the addition 
to the concentrated solution of amounts comparable to those 
present in imaltered enzyme, when there was added at the same 
time powdered iron or cysteine to prevent oxidation of the 
to Fe+++, did in many cases restore some activity. To obtain 
further etudence as to which of these two metals (Mn++ or Fe+^) 
might normally be associated with arginase there was determined 
as a function of pH in phosphate and glycine buffers of ionic 
strength 0,1 the rate of hydrolysis of arginine in the presence of 
untreated, acid-inactivated, and Fe^-, IMn"*^-, and Fe"^- plus 
Mn'*^-reao{ivated enrymes. The added metals were present in a 
concentration twice that found to be present in Enzyme lOA. 
None of the pH-activity curves, not even the one for acid-inacti- 
vated enzyme alone, was seen to coincide e.xactly with the ori^nal 
in shape. Neither of the metals was found to have any effect at 
pH 6.2 or below. However, the curves did show marked restora- 
tion of activity by Mn++ from pH 6.5 to 10.1, the maximum tested, 
and, in contrast, an increase in the rate, between pH 7.2 and 9.2 
only, in the case of Fe++, which, moreover, displayed much less 
effect than Mn"^. 

In other respects also the reactivated- enzymes differed from 
the original. Manganous ion, added in reactivations, was much 
more readily dissociated by dialysis or ammonium sulfate than 
the Mn-M- in untreated arginase; and addition of neither 
nor in concentrations of 1.4 X 10*^ ra&i and 2 X 10~® mu 
respectively led to a recovery of activity when canavanine was 
the substrate. These obser^-ations, and those showing that the 
addition to either normal, purified enzyme, or inactivated ma- 
tenal, of ]Mn++ in amounts equivalent to from 2 to over 100 
tmes the concentration of the metal originally present brings 
about contmuaUy increasmg acti^dty, might lead to a suspicion 
that metal activation is merely an artifact and that the acid treat- 
ment has caused only destruction of a large part of the enzyme. 
However, such a concluaon would seem unlikely m view of the 
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demonstration afforded in our procedure that the total activity 
in the presence of excess Co++ is either little changed or mucli 
less lowered than in the absence of any addition, and, furthermore, 
that a decrease in metal content is accompanied by a roughlj’^ 
proportional loss in activity. It appears more reasonable to 
hold to the hypothesis that a metal ion is an essential part of the 
arginase molecule; further, that the most probable essentia] 
metallic constituent is Mn++, with Fe++ still a possibility either 
of itself or together with Mn++. 

Our purified enzyme itself appears to be capable of combining 
loosely and reversibly with excess Mn^^- and with various other 
ions. In the hydrolysis of K+)-arginine, and to a lesser degree 
of canavanine, this added metal is almost as effective "catalyti- 
cally” (in the case of 00 +^ more so) as the metal originally present. 
At pH 4.3 the metal slowly dissociates from purified arginase 
and at the same time there are initiated in the protein changes 
leading eventually to its complete "denaturation the resulting 
enzynaic material is now capable only of entering into the more 
readily reversible type of combination with Mn++, supposedly 
either because the groups in the enzyme and other (inactive) 
proteins with which the metal initially might coordinate react 
more rapidly than the characteristic grouping in which it was 
originally tightly bound, or because the latter has been altered 
to some extent by the methods employed. That non-liver 
was introduced during the isolation procedure is rendered unlikely 
by the absence of this metal from the buffer used for the dialyses 
(in contrast to all the other metals except non-activating Pb). 

The experiments rvith substrates other than arginine and can- 
avanine confirmed previous observations (2, 15-18) dealing with 
the relatively slight activity of arginase toward certain analogues 
of arginine in which the a-araino or carboxyl group has been 
altered or removed. In phosphate buffer of pH 7. 5, in the presence 
of concentrated arginase with or without cobalt, the hydrolysis of 
all three compounds listed in Table V (except only agmatine in 
the presence of Co'*"'') was very slight; in glycine buffer of pH 9.2 
the rates were hardly greater, but upon the addition of Mn'*"*' 
they became appreciable, increasing in the order p-toluenesulfonyl- 
arginine, 5-guanidinovaIeric acid, and agmatine; in a prolonged 
incubation period there was observed nearly complete hydrolysis. 
The strikingly low rate with p-toluenesulfonylargimne is of interest 
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in vievr of the reports that the related compounds carbaimd(> 
f(+)-arginine (18), henzoylarginine (16), and acetydphenylalanyl- 
ar^e (17) are hydrolyzed even in the absence of added metal 
ion, albeit by far more slowly than f(+)-argmine. The consider- 
able increase observed upon addition of Mn"*^ in the rate of the 
enzyme-catalyzed hydrolysis at pH 9.2 of all of these compounds 
is^of interest in connection with the theory (1, 2) that the role 
of the metal ion is related, at least in part-, to its coordination 
the a-amino or carboxyl group (or both groups) of ff-b )-arginine 
in the formation of intermediate enzyme^bstrate complexes; 
in each of these substrates there has been eliminated one or the 
other of the characteristic groups. It seems altogether probable 
that the importance of the metallic constituent transcends the 
function of mere orientation (e.g., through these groups). More- 
over, the rate of hydrolysis of canavanine, in which occur both 
a-amino and carboxyl groups but an altered (differently substi- 
tuted) guanidino group, is increased to a lesser degree by either 
Mn++ or Co"*^, especially when these are present in low concen- 
trations, than is the rate for argnine. It may be remarked that 
in riew of the very large decrease in the efficiency of catalysis by 
ar^ase observed when either of the substrate groups (a-NH*; 
— COOH) apparently unconcerned directly in the reaction has 
been altered (cf. the results on alkaline hydrolysis of guanidino 
compounds (2)) it is noteworthy that the substitution of an 


oxygen atom for the methylene group adjacent to guanidino, 
itself, results only in a slight alteration of the rate of hydrolysis, 
at least at pH 7.5, although this change in structure has occasioned 
a lowering of the association exponent, pK,,, of the guanidino 
group from between 13 and 14 (19) for arginine to 7.4 for can- 
avanine (20, 21). It might be conceived that two different 


enzymes were involved. Due consideration is to be given the 
observations (Table HO of the differing effects of small amounts 
of metal ions on the rates of hydrolysis for the two substrates 
as well as of the markedly different rates at pH 9.2 However 
the latter observation is entirely consistent with the assumption 
that the more characteristic action of arginase is concerned only 
TOth a positively charged guanidinium ion (2). In arginine the 

SrouarutT^ completely in the preferred ionic form 

hroughout the pH range of enzyme activity .with this substrate- 

o yl. per cent of the cationic guanidinium form would be 
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present in the case of canavanine at pH 9.2 in the region where 
its enzymatic hydrolysis is remarkably slow. 

SUMMARY 

1. A method for the partial purification of liver arginase is 
described. 

2. Purified arginase, after inactivation by treatment with 
acetate buffer at pH 4.3 and precipitation with ammonium sulfate, 
has been shown to contain a lower concentration of all the metals 
originally present; of these only Mn++ and to a lesser extent Fe++ 
have been found capable of restoring activity. There are discussed 
certain differences between original and reactivated enzymes. 

3. The relative rates of hydrolysis in the presence of purified 
arginase of p-toluenesulfonylarginine, 5-guanidinovaleric acid, 
agmatine, and canavanine have been observed; differences in the 
behavior of the enzyme toward the last named compound and 
arginine have been noted. 
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The object of this report is to present data upon the normal 
values of glycogen, fat, and ■water content of the livers of well 
nourished guinea pigs. Such data, essential as a basis for various 
types of experimental work, are not available in the literature 
for this species. As this study was getting under way, Petr^n 
(1939) reported the results of an extensive investigation of the 
glycogen content of the guinea pig liver, from which he concluded 
that there were daily rhythmic variations, with a minimum in 
the morning (aroimd 9 a.m.) and a maximum in the afternoon 
(around 3 p.m.). In order to check upon this finding, we have 
concentrated upon two periods of the day — 9 a.m. and 3 p.m. — 
which are representative of the usual morning and afternoon 
experimental periods, and which, from Petrfe’s data, would be 
expected to show considerable differences in the mean value of 
the liver glycogen content. We have satisfied the following 
conditions in the present study: (1) all elements of the diet were 
available in excess at all times; (2) the animals were left entirely 
unmolested except for the daily cleaning of the cages and re- 
plenishment of the food supply. 

Material and Methods 

Thirty-six male guinea pigs, subdivided into three series of 
twelve, were used for the experiments. We have used only male 
guinea pigs in order to avoid sex differences in liver glycogen, 
etc. (Deuel, Butts, Hallman, Murray, and Blunden, 1937, 1938; 
Sjogren, Nordenskjold, Holmgren, and MoUerstrom, 1938^ All 
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animals were obtained from the same breeding farm. Series 1 
from 5-| to 6 months old, was received on May 22 and sacrificed 
on June 13 (Guinea Pigs 1 to 6) and 15 (Guinea Pigs 7 to 12). 
Series 2, 10 weeks old, was received on August 16 and sacrificed 
on September 26 (Guinea Pigs 13 to 18) and 28 (Guinea Pigs 
19 to 24). Series 3, 10 weeks old, was received on October 17 
and sacrificed on November 7 (Guinea Pigs 25 to 30) and 9 (Guinea 
Pigs 31 to 36). While in the laboratory, each series was housed 
in four small cages, three animals to a cage. 

The diet consisted of Purina Rabbit Chow (complete ration), 
Purina Dog Chow (large checkers), fresh carrots, and lettuce. 
The Chows contain roughly 50 per cent carbohydrate, 20 per cent 
(Dog) and 14 per cent (Rabbit) protein, and 5 per cent (Dog) 
and 2.5 per cent (Rabbit) fat. When the two Chows are used 
together, the mineral and vitamin content is fully adequate except 
for vitamin C, which is supplied by the greens. The animals 
received no water, since they will not drink so long as fresh greens 
are available. The daily cleaning of the cages and replenishment 
of the food supply was deliberately carried out at different and 
irregular times on succeeding days. 

At the time of sacrifice, the animals were removed from the 
four cages in rotation. After being weighed, they were quickly 
decapitated and held up by the hind legs for a brief interval, 
during which the mixed blood samples for sugar determination 
were collected. The liver was then rapidly exposed, and samples 
were taken in the following order: (1) for glycogen (from the lobe 
to the right of that to which the gallbladder is attached; where 
two samples were taken, the above sample is designated Sample A, 
and Sample B was taken from the lobe to which the gallbladder 
is attached); (2) for fat (from the extreme left lobe of the liver; 
where two samples were taken, the above sample is designated 
Sample A, and Sample B was taken from the extreme right lobe 
of the liver); (3) for water content (in Series 1, taken from the 
same lobe as the sample for fat; in Series 2 and 3, from the lobe to 
the right of, and ventral to, the lobe used for the fat sample); 
(4) for histological fixation for subsequent study (the total weight 
of these blocks was obtained by weighing the bottles of fixative 
before and after the addition of the tissue). All samples were 
dried quickly on filter paper before subsequent handling. The 
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remainder of the liver was then excised, the gallbladder removed, 
and this liver residue weighed. To obtain the total weight of 
the liver, the weight of all Uver samples was added to that of 
the liver residue. Special experiments showed that the liver 
weight so obtained is only slightly less than that of the same li'ver 
weighed in toto, the difference being insignificant for the present 
study. 

Chemical Melhods—'Sloodi. sugar was determined on laked blood 
by the method of Folin and Malxnros (1929). Glycogen was 
determined by the Good, Kramer, and Somogjd (1933) adaptation 
of Pflugeris method. We have added 0.5 cc. of saturated NajSO< 
solution with the alcohol to insure precipitation of the glycogen, 
as recommended by Sjogren e£ al. (1938). For hydrolysis we 
have used 10 or 20 cc. aliquots of the glycogen solution in 1 N 
HsSOi and hydrolyzed for 2 hours on a water bath. That hydroly- 
sis is complete under these conditions we have proved by duplicate 
determinations on smaller aliquots and by applying the technique 
to a similar solution of glycogen of known purity. For the deter- 
mination of glucose in the neutralized hydrolysate we have used 
the method of Folin and Wu (Folin and Wu, 1920; Folin, 1929), 
The fat (total lipid) content of the liver was determined by the 
oxidation method of Bloor (1928), with the slight modifications 
of Marble, Field, Drinker, and Smith (1934). Total cholesterol 
was determined by the colorimetric method of Bloor (1928). 
Phospholipids were determined by the unpublished method of 
Fiske and Subbarow. Ail of the glycogen and most of the fat 
determinations were carried out in duplicate and sometimes in 
triplicate. The water content of the liver was determined by 
drjmg to constant weight at 110“, After removal from the 
ammal, the tissue sample was transferred at once to a weighed, 
50 cc. Erlenmeyer flask, tightly stoppered. Shortly thereafter 
the sample was rapidly minced in the flask with scissors, the 
weight of the minced sample determined, and the flask transferred 
to the oven. 


Resulls 

The defied data are given in Table I The times are Eastern 
standard tune (the divergent sacrifice time of the first three ani- 
mals was occasioned by confusion with daylight saving time) 



Table I 


Analyses of Guinea Pig Livers 


Soria 

No. 

Guinea 
pig No 

WeigW 

Sacrificed at 

Blood 

sugar 

Liver weight 

Liver 

glyco- 

gen 

Liver 

tat 

Liver 

HiO 



am. 


mg, 

per cen 

gm. 

per cen 
body 
weight 

t 

per cen 

t per cen 

per cent 

1 

1 

772 

7.45 a.m. 

134 

35.7 

4.62 


1.94 

71.7 


2 

980 

8.15 " 

139 

39.0 

3.98 


2.62 

71.4 


3 

747 

8.30 “ 

118 

26.4 

3.53 


2.40 

75.4 


4 

895 

2.45 p.m. 

118 

31.3 

3.50 


2.52 

72.2 


6 

915 

3.00 " 

116 

32.5 

3.55 


2.49 

71.8 


6 

780 

3.15 " 

114 

24.7 

3.17 



71.5 


7 

880 

8.45 a.m. 

116 

25.2 

2.86 


2.35 



8 

965 

9.00 “ 

110 

34.5 

3.68 


2.66 



9 

940 

9.15 " 

122 

31.9 

3.39 


2.79 

71.1 


10 

670 

2.45 p.m. 

113 

19.3 

2.88 


IS] 

71.8 


11 

620 

3.00 " 

129 

21.0 

3.39 



72.2 


12 

958 

3.16 " 

130 

30.5 

3.18 


2.86 

71.8 

Average. 

844 


122 


3.47 


2.63 

71.9 

2 

13 

525 

8.40 a.m. 

120 

21.7 

4.13 

6.25 

2.44 

70.5 


14 

570 

9.00 " 

145 

27.4 

4.81 

7.66 

2.69 

70.8 


15 

620 

9.20 " 

136 

21.5 

3.47 

3.96 

3,10 

71.7 


16 

573 

2.40 p.m. 

137 

25.2 

4.42 

5.38 

2.62 

71.1 


17 

500 

3.00 " 

136 

20.7 

4.14 

4.73 

2.84 

71.7 


18 

610 

3.20 " 

124 

26.7 

4.38 

5.26 

2.59 

70.3 


19 

610 

8.40 a.m. 

142 

28.6 

4.69 

7.13 

2.32 

71.4 


20 

650 

9.00 " 

139 

33.2 

6.11 

6.95 

2.33 

71.9 


21 

575 

9.20 " 

132 

20.8 

3.62 

6.85* 

2.54* 

70.9 


22 

660 

2.40 p.m. 

116 

22.2 

3.96 

3.96 

2.78 

73.1 


23 

645 

3.00 " 

139 

34.4 

6.33 

7.83 

2.30 



24 

702 

3.20 “ 

165 

41.4 

6.90 

7.98* 

2.40* 

BH 

Average, 

596 


136 


4.50 

6.16 

2.58 

71.4 

3 

25 

440 

8.40 a.m. 

137 

19.7 

4.48 


2.57 

72.2 


26 

425 


161 

17.2 

4.05 


2.43 

71.7 


27 

400 


154 

14.9 

3.73 


2.85* 

71.1 


28 

420 

2.40 p.m. 

129 

17.1 

4.07 

7.48 

2.41 

71.5 


29 

400 


145 

15.3 

3.83 

6.50 

2.57 

72.9 


30 

370 


123 

14.3 

3.86 

3.78* 

3.16* 

72.4 


31 

445 

8.40 a.m. 

167 

21.8 

4.90 

9.46 

mm 



32 

460 


128 

17.4 

3.78 

4.22 

2.62 

73.2 


33 

375 


133 

16.7 

4.19 

7.59* 

2.39* 

71.7 


34 

455 

2.40 p.m. 

190 

20.3 

4.46 

9.04 

2.44 

71.3 


35 

435 


165 

17.0 

3.91 

6.88 

2.59 

72.1 


36 

370 

3.20 " 

184 

18.3 

4.95 

9.05* 

■ 

72.2 

Average. 

416 


151 


4.18 

6.98 

2.53 

72,0 


* Average of deterroinationfl on two different samples; see text. 
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We had reason to suspect se%'eral of the gb'cogen analyses^ m 
Series 1, and so have rejected all of these analyses for this senes. 
Liver fat (total lipid) is expressed as per cent of oleic acid. Liver 
water content is expressed as per cent of fresh tissue, without 
correction for either fat or blood content. The water content 
exhibits only slight variations. In Series 2 and 3, for which 
both water and glycogen content data are available, the water 
content varies from 70.3 to 73.2 per cent, the glycogen from 
3.78 to 9.46 per cent. This relative constancj' of the water con- 
tent, in association with wide variations in glycogen content, is 
in agreement with the recent studies of Fenn (1939) and other 
workers. 


Tabie II 


DiSerenlial Fat Analyses an Guinea Pig Liter Fat 


Guinea pig No. 

Total lipid 

Fatty acids 
(calculated) 

Total 

cholesterol 

PhoBpholipid P 

1 

! per cent ^JleCe 

1 aeid 

1.94 

! percentcleie 
cdd 

1.76 

Tfij, pif too 
frru. liter 

165 

! vif. pa- IK 
ttu User 

108 

11 

2.80 

2.61 

170 

149 

13 

2.44 

2.25 

159 i 

142 

17 

2.84 

2.64 

189 

144 

19 

2.32 

2.16 

155 

129 

27 (Sample B) 

2.85 

2.66 

188 

171 

30 ( “ A) 

3.14 

2.90 

216 

174 

34 

2.44 

2.28 

141 

146 


In six of the animals glycogen and fat analyses were carried 
out upon samples taken from two different lobes of the liver 
^ee ‘hlaterial and methods”). The results were as follows: 

glycogen 6.62 (Sample A), 7.07 (Sample B), fat 

R m 24, glycogen 7.80, 

8.16, fat 2.2o, 2.54; Gumea Pig 27, glycogen 5.46, 5.43, fat 2.84, 
2.8o; Gumea Pig 30, glycogen 4.01, 3.55, fat 3.14, 3.17; Guinea 

. 6, 9.03, fat 1.86, 2.2 < . To summarize the above, the glycogen 
e^entially identical in two of the animals, Ld 
differed by from 4 to 13 per cent in the other four; the fat analyses 

oy irom irf to 22 per cent m the other three. 
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The total fat content of the liver was subjected to differential 
analysis for eight of the animals, representing all three series 
(Table 11). The fatty acids comprise from 90.7 to 93.4 per cent 
of the total lipid, average 92.7 per cent. The phospholipid fatty 
acids may be calculated roughly by multiplying the phospholipid 
phosphorus (mg. of P per 100 gm. of liver) by 25 and taking two- 
thirds of the resultant figure. When these calculations are made 
for the data in Table II, the figures for the phospholipid fatty 
acids approach, equal, or somewhat exceed the figures for total 
fatty acids, and justify the conclusion that only a small portion 
of the fatty acids in the normal guinea pig liver is present as 
neutral fat. 

As noted in the introduction, we sacrificed half of our animals 
(f.e., half of each series) about 9 a.m. and half of them about 
3 p.m. in order to check upon Petr^n’s (1939) finding of a morning 
minimum and afternoon maximum in the liver glycogen content 
of the guinea pig. When the data upon the animals sacrificed 
in the morning and in the afternoon are summarized, it is at 
once apparent that the two groups of animals show no significant 
or consistent differences, either on the basis of liver glycogen 
content or on the basis of any of the other factors involved. Fur- 
thermore, the data are such as to make it almost certain that 
confirmation of Petr^n's finding would not be obtained simply 
by increasing the number of animals studied at the two sacrifice 
periods. The logical procedure would be to investigate a suf- 
ficiently large number of animals sacrificed at short intervals 
throughout the 24 hours. Such an extensive investigation we 
are not prepared to carry out at the present time. For a discus- 
sion of the problem of daily rhythmic variations in mammals, 
the reader is referred to (among others) the recent articles of 
Deuel et al (1938), Sjogren et al. (1938), and Petr^n (1939), and 
to the monograph of Holmgren (1936). 

The guinea pigs in Series 2 and 3 were weighed upon their arrival 
from the breeding farm in order to obtain some idea of the rate 
at which they gained weight under laboratory conditions when 
all elements of the diet were available in excess at all times. Series 
2, maint^ed for 6 weeks, gained weight at the rate of from 
4.5 to 7.9 gm. per day, average 5.9; Series 3, maintained for 3 
weeks, gained weight at the rate of from 4.8 to 7.2 gm. per day, 
average 6.9. 
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Systematic data are presented upon the normal values of glyco- 
gen, fat, and water content of the livers of well nourished male 
guinea pigs. Animals sacrificed in the morning (9 a.m.) and 
afternoon (3 p.m.) show no significant differences on the basis of 
any of the factors investigated. 
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the METAPHOSPHORIC ACID-PROTEIN REACTION* 
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Metaphosphoric acid is a strong precipitating agent for -water- 
soluble proteins. This property, analytically, serves to distin- 
guish it from the other phosphoric acids. The acid bound by the 
protein is carried down with the precipitate and is thereb 5 '’ sepa- 
rated from the acid left unbound. Schofield (1) has suggested 
that this property be utilized in the determination of the acid- 
binding capacity of proteins and Samuel and Schofield (2) have 
used such a method for estimating the acid-binding capacity of the 
proteins of wheat flour. 

Herrmann and Perhnaim (3) have reported that the maximuni 
number of phosphorus atoms thus bound by an egg albumin 
molecule is ver}" nearly equal to the number of positively charged 
groups ascertained to be present in the protein molecule by other 
methods. They state (4) that, as egg albumin is precipitated by 
metaphosphoric acid, both the amount of precipitate and the 
phosphorus content of the precipitate increase to TnaYimn as 
increasing amounts of metaphosphoric acid are added to a given 
amount of protein. 

It is the purpose of this paper to record some observations on 
metaphosphoric acid and its protein combination complex which 
are of interest in relation to this apparently stoichiometric reac- 
tion of metaphosphoric acid nith proteins. 

Metaphosphale Reagent — Samuel and Schofield (2) made titra- 
tion curr’es on a number of commercially obtainable samples of 


‘ Contribution from the Division of Agricultural Biochemistry Uni- 
versity of Minnesota and the Otho S. A. Sprague Memorial Institute. 
University of Chicago. Paper No. 1753, Journal Series, Minnesota Agri- 
cultural Experiment Station. 


261 



262 Metaphosphoric Acid-Protein Reaction 

glacial phosphoric acid and found two buffer ranges centering in 
the regions^ of pH 2 and 7. Metaphosphoric acid is known to 
be polymerized and they interpreted these buffer regions as evi- 
dence of the existence of at least two different types of polymers 
in the glacial acid. Variations in the buffer capacities in these 
two regions, from sample to sample, they interpreted as due to 
variations in the relative amounts of these two types of polymers 
present. 



Fig. 1. Titration curves for 0.8 gm. of glacial metaphosphoric acid 
(Merck) in 100 cc. of solution before (Curve 1) and after (Curve 2) hy- 
drolysis. N NaOH was used in the titration. 

That a different explanation of these observations is possible 
is shown by the titration curves in Fig. 1. Curve 1 was made on 
a sample of freshly dissolved glacial metaphosphoric acid (Merck). 
0.8 gm. of the glacial acid per 100 cc. of solution was titrated with 
N NaOH. Curve 2 was made upon an equal amount of the glacial 
acid after its solution had been boiled for 1 hour (volume kept 
constant). As is known, under this treatment the meta acid is 
hydi’olyzed completely to the ortho acid. From these curves it 
is apparent (1) that the same acid (ortho) was being titrated in 
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both cases, (2) that base (some sodium must always be present 
in glacial metaphosphoric acid, otherwise the glass will not form) 
was present in an amount necessary' to neutralize exactly one- 
half of the 1st hydrogen atom of the orthophosphoric acid present 
after complete hydrolysis of the sample, and (3) that one-half of 
the P in the glacial acid was originally present as orthophosphoric 
acid and one-half was present as metaphosphoric acid, apparently 
as the sodium salt (results were within 2 per cent of this propor- 
tion calculated on the basis of titration curves and the weight of 
the sample used). Titration of samples from other sources show 
that this almost exactly 1:1 ratio of ortho and meta acids is sel- 
dom encountered; hence, the differences in the buffer capacities 
of the samples in the two ranges. 

The hydrolysis of metaphosphoric acid to orthophosphoric 
acid is markedly' catalyzed by hydrogen ions. Because of varia- 
tion in the meta acid content of commercial preparations and 
because, upon standing at laboratory temperatures, solutions of 
these preparations, being acidic, slowly lose their meta acid con- 
tent (and, therefore, their property of causing precipitation of 
soluble protein), it has been suggested (5) that improvements 
in the usefulness of this reagent can be obtained if the metaphos- 
phoric acid is prepared as a slightly alkaline solution of its sodium 
salt. 

Sodium metaphosphate of negligible ortho- or pyrophosphate 
content is readily prepared by heating NaHjPO^-HiO to a tem- 
perature beyond the fusion point (616°) for a short period of time 
(30 minutes at 750° cause no detectable decomposition of the 
Na metaphosphate). The glass formed upon cooling is slowly 
soluble in water and its solutions give none of the qualitative 
tests for pyro- or orthophosphoric acid. Conductivity data ob- 
tained at various dilutions in water solution indicate a high 
degree of polymerization to be characteristic of this material. It 
IS possibly the hexametaphosphate (NaP 03)6 described in the 
literature. 

Because the commercial metaphosphoric acid is found to be a 
m^ure (with orthophosphoric acid) of uncertain composition, 
this -glass form of sodium metaphosphate has been chosen as 
the metaphosphate reagent in these experiments. The pH of 
an aqueous solution of sodium metaphosphate (0.1 n) was found 
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to be the same as that of the NaHaPO^ from which it was pre- 
pared; i.e., pH 5.5. A titration curve made with a sample of 
the metaphosphate, however, showed that the buffer range of 
the 2nd and 3rd hydrogen atoms of the ortho acid had totally 
disappeared, while the buffer range of the 1 hydrogen atom of the 



Fig. 2. Titration curves of (Curve 1) a solution containing 2 X 10~’ 
equivalent of sodium metaphosphate in 100 cc. of water, (Curve 2) a solu- 
tion containing 1 gm. of serum albumin in 100 cc. of water, (Curve 3) a 
solution containing 1 gm. of serum albumin plus 0.7 X 10“’ equivalent of 
sodium metaphosphate in 100 cc. of water, and (Curve 4) a solution con- 
taining 1 gm. of serum albumin plus 2 X 10“’ equivalent of sodium meta- 
phosphate in 100 cc. of water, n NaOH or n HCl was used in the titrations. 

metaphosphoric acid approximated closely that of the 1st hydro- 
gen atom of orthophosphoric acid (Curve 1, Fig. 2), 

Protein Reagent — The protein used in these experiments was 
cow serum albumin, precipitated (after removal of the globulins) 
by saturated (NH 4 ) 2 S 04 , dialyzed, and electrodialyzed free of 
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electrolytes. Its isoelectric point as shorvn by the pH of its com- 
pletely electrodialyzed solution, and confirmed by cataphoresis 
measurements, was at pH 4.98. _ Cur^-e 2, Fig. 2, is the titration 
curve for a solution of this protein. 


Proiein-Meiaphosphale Reaction 

When smaU increments of a 0.1 N solution of Na metaphosphate 
(brought to pH 5.0 by addition of a trace of HCl) are added to a 
1 per cent solution of the protein, the solution remains clear and 
it is found that the pH changes toward the alkaline side in a 
manner shown in Fig. 3; that is, there is an abrupt rise in pH to 
about 6.2 upon addition of the first small increments of meta- 
phosphate, followed by a slow drop in pH until no further change 
occurs after addition of 20 cc. of the 0.1 n solution (2 milhequiv- 
alents of (NaPOs); per gm. of protein). If, now, this clear solu- 
tion is titrated with HCI, it is found that the titration curve of 
the mixture follows a course quite different from that of the 
original protein (Curve 4, Fig. 2), and that the solution becomes 
cloudy at a pH of 5.2, followed by a hea\y precipitation of the 
protein as the pH is decreased. Addition of greater amounts of 
the sodium metaphosphate causes no appreciable change in the 
course of this titration curve. If, however, a titration cuiwe is 
followed through when only 7 cc. of 0.1 N metaphosphate (0.7 
milliequivalent of (NaP 03 )x per gm. of protein) have been added, 
it is found to follow the course given in Cuiwe 3, Fig. 2. 

The titration curve of the protein-metaphosphate is reversible. 
No denaturation of the protein occurs through the action of the 
metaphosphate, as is evidenced by the fact that, when the solu- 
tion containing protein and metaphosphate is dialj-zed at 
pB > the metaphosphate is readily removed and the protein 
k obt^ed with all of its original properties imchanged. IVhen 
dialysis is carried out at pH < 4.5, however, it is not possible to 
remoi e the metaphosphate quantitatively. Electrodialysis under 
these conditions leads to a strong denaturation of the protein. 

T^titration curves in Fig. 2 show the Mowing relationships’, 
(a) When protein and metaphosphate are allowed to react, 
there appears a pronounced buffer segment in the titration curve 
of the nuxture located in a pH range in which neither of the 
reagents alone shows any marked buffer capacity. The mid- 
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point of this buffer segment of the titration curve of the mixture 
is at pH 5.2 and extends from pH 3.5 to 7.0, coinciding at the lat- 
ter point with the point of inflection on the titration curve of 
the original protein (in the absence of metaphospliate). (b) 
This new buffer segment becomes increasingly pronounced as the 
amount of metaphosphate in the mixture is increased, until a 
maximum is attained, beyond which further addition of meta- 
phosphate has little or no effect upon the course or extent of the 
buffer curve in this region of pH. The amount of acid or base 
required to titrate this buffer segment of the titration curve is 
found to be approximately 166 X 10“® equivalent per gm. of the 
protein when the metaphosphate content of the mixture is greater 
than 200 X 10~® equivalent per gm. of protein. When much 
less metaphosphate than this amount is present, this buffer seg- 
ment is of a correspondingly lower extent (Curve 3, Fig. 2). 

It may be concluded from these data that the reaction of meta- 
phosphate with protein is of the double decomposition type, 
involving the ionizable basic groups on the protein through the 
formation of a protein metaphosphate with extremely low dis- 
sociation tendency. A low but definite excess of metaphosphatc 
is required for the maximum development of this masking effect 
of the basic groups of the protein. The displacement of the pH 
range in which the acidic groups of the protein can be titrated 
when the basic groups are thus bound by the metaphosphatc 
may be explained upon the assumption that, when the basic 
groups are masked, the dissociation constant of the acidic groups 
becomes lower. A parallel observation on the shift in the disso- 
ciation constant of the basic group of glycine is encountered when 
the carboxyl group is esterified (6). 

On the basis of this explanation of the change in the disso- 
ciation constant of the acidic groups of the protein, the conclusion 
would be drawn that the buffer segment, centered at pH 5.2, 
represents the titration of the — COOH groups of the protein. 
In terms of the zwitter ion theoiy, it is a measure of the acid- 
binding capacity of the protein. The equivalents of base or 
acid required to titrate this buffer segment, 166 X 10“® equiv- 
alent, approximate fairly closely the acid-binding capacity of 
serum albumin. Pauli and Valk6 (7) state the acid-binding ca- 
pacity of serum albumin to be 155 X 10“® equivalent per gm. of 
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protein (the average of several reported values ranging from 14r 

X 10-® to 167 X 10~® equivalent). 

Such an explanation of the shift in the dissociation constant 
of the acid groups of the protein would necessarily imply a ver>' 
strong bonding between the basic groups of the protein and the 
metaphosphate ions. It would be ex-pected that a similar eSect 
would be obsen^able in the case of an amino acid. It is found, 
however, that the titration of glycine in the presence of sodi^ 
metaphosphate shows no such displacement of the titration 
range of the — COOH groups of the amino acid. Titration curres 
of other proteins, e.g. egg albumin and casein, in the presence of 



Fig. 3. Change in pH of a salt-free I per cent serum albumin solution 
(isoelectric point, pH 4.98) when increments of sodium metaphosphate 
(adjusted to pH 5.0) are added. 

(NaPOi)r all show similar buffer segments not present in the titra- 
tion curve of the protein or the metaphosphate alone. The ex- 
tent of such buffer segments in the cases of all proteins studied 
corresponds very closely to the accepted acid-binding capacities 
of the proteins. The whole phenomena of metaphosphate-bind- 
ing by proteins seems to be intimately associated with the 
polyialent character of the protein and of the metaphosphate 
(poljTnerized) rather than some specific attraction between amino 
groups and the metaphosphate ion. Nevertheless, the amino 
groups are involved in the reaction, since they are so strongly 
masked in the complex. 

That the protein-metephosphate complex has many of the char- 
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acteristics of a complex coacervate (or flocculate), as studied and 
defined by de Jong (8), is indicated by the observation of Koets.’ 
Polyvalent electrolytes commonly have the property of causin'' 
a phase separation (as coacervate or flocculate) when added in 
relatively small amounts to solutions of lyophilic colloids bearing 
a charge opposite to that of the pob'valent ion of the electro- 
lyte. That the metaphosphate exists as an electrolyte with a 
high valent anion, as a result of its polymerizing tendency, is 
evident from the conductivity data mentioned above. 

A characteristic of coacervation in general is the dissolving 
action of added neutral salts. Perlmann and Herrmann (4) 
observed this action of neutral salts upon the metaphosphatc 
egg albumin precipitate. Koets found the same effect in the 
case of serum albumin precipitated by a minimal amount of 
metaphosphoric acid. With higher concentrations of metaphos- 
phate, reversal of the precipitation by neutral salts was not pos- 
sible, however. 

De Jong and van der Linde (9) have found that with various 
polyA'alent ions of charge opposite to that of a colloid electrolyte 
the amounts of such ions bound by unit weight of the colloid, 
when the electrokinetic potential of the resulting coacervate was 
reduced to zero value, were equivalent (pH held constant). 
Also, the number of equivalents of the polyvalent ion required 
in such cases bore a nearly constant ratio to, and was consistently 
greater than, the number of equivalents of replaceable ions pres- 
ent per unit u'eight of the colloid. Increasing the concentration 
of the polyvalent salt results in a further binding of the polyvalent 
ion within the complex. A reversal of charge of the colloid phase 
then results if the pH is held constant. There is always a definite 
amount of the polyvalent salt (left) in the equilibrium liquid in 
contact with the precipitated phase. Wliile it is probable in ail 
such cases that primary electrovalences are involved in the 
coacervate formation, the relationship between the amount of 
polyvalent crystalloid ion bound per unit weight of colloid and 
the amount of polyvalent ion remaining in the equilibrium 
solution is described by an adsorption isotherm. 

Wlien metaphosphate is added to a protein, it is found that the 


* Koets, P., private communication. 
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isoelectric poiiit of the coUoid phase is shifted markedly toward 
the acid range of the isoelectric point of the onginal protein. 

S of thL shift is a function of the amount of metephosphate 
present per unit amount of protein. If the amount of “^tapho 
phate Ikh is required to shift the isoelectnc point of the pro- 
tein-metaphosphate complex to any chosen pH value is deter- 
mined for vaiying concentrations of serum albumin and for \an- 



Fig. 4. Total metapbosphate needed to bring the isoelectric point of the 
protein-metaphosphate complex to the indicated values of pH as the total 
concentration of protein is varied. 


ous pH values, a set of curves is obtained as shown in Fig. 4. It 
is found that, with varjdng protein concentrations maintained 
at a given pH, the amounts of total added metaphosphate re- 
quired to bring the cataphoretic motion of the precipitated par- 
ticles to zero all lie on a straight line which cuts the axis (cor- 
responding to raetaphosphate concentration) at a point above the 
origin. As the pH (isoelectric) is made more acid, the slope of 
the line and the point at which it cuts this axis both increase. 
The slope of the straight line obtained is proportional to the 




270 Metaphosphoric Acid-Protein Reaction 

equivalente of metaphosphaie bound per unit weight of protein 
and the intercept on the metaphosphate-concentration axis is 
a measure of the equivalents per liter of metaphosphate present 
in the equilibrium liquid. 

By plotting the equilibrium concentration (C) of metaphos- 
phate against the amount bound by unit weight of protein (X), 
a Freundlich adsorption isotherm is obtained. The data do not 
fit the Langmuir adsorption isotherm. The log-log curve is a 
straight line with a slope closely approximating a value of 0.6, 
which indicates that the amount of PO3 bound by unit weight of 
the protein varies as the square root of the equilibrium concen- 
tration; i.e., X = K\/C. This is not in accord with the conclu- 
sion of Perlmann and Herrmann that a maximum in the POi 

Table I 

Amount of PO» Bound •per Gm, of Serum Alhuinin and Concentration of POt 
in Equilibrium Liquid Which Will Bring the Protein-Metaphosphatc 
Complex to Isoelectric Reaction at Various pH Values 
Read from Fig. 4. 


pH (isoelectric) 

11 

m 

3.6 

3.0 

1 

2.6 

2.0 

1 

l.S 

Equilibrium concentration 
of POj, m.eg. per 1000 cc. . 

1 1 

0.002 

0.010 






PO» bound, m.eq. per gm. 
protein 

1 

0.46 

1.07 

1.46 

1 

1.84 

2.64 

I 3.05 

1 

1 4.51 


bound is reached when the POsiNHa ratio is 1 . Table I give.s 
the numerical values of the equilibrium concentration of PO3 
and the amounts of PO3 bound by 1 gm. of protein as obtained 
graphically from Fig. 4 . 


DISCUSSION 

From that which is so far known of the metaphosphate-protcin 
reaction, it can best be regarded as a complex in which the nega- 
tive multivalent (polymerized) metaphosphate ion is linked to 
the positive (amino) groups of the protein by a salt-like bond of 
very low ionizing capacity. 

When neutral sodium metaphosphate is added to isoelectric 
salt-free protein, the first increments arc bound almost com- 
pletely, the equilibrium concentration of raetaphosiihato in solu- 
tion being almost negligibly small. Because of the low ionizing 
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(dissociation) tendency of the protein-metaphospbate, a shUt in 
the isoelectric point of the complex toward the acid range tak^ 
place As the amount of added Na metaphosphate is increased, 
the amount bound by the protein increases, following an adsorp- 
tion isotherm, and the isoelectric point is shifted further toward 
the acid range (the basic groups being strongly masked by the 
metaphosphate). The fraction of the positive ions of the poly- 
valent metaphosphate poIjTner which is replaced by the amino 
groups of the protein decreases as the total metaphospbate pres- 
ent increases so that the ratio, POjrNHi, increases continuously 
with increase in metaphospbate. 

In the case of serum albumin, by the time the equivalent con- 
centration of metaphosphate added has reached 2 X 10~’ per gm. 
of protein (in 100 cc. of water), the number of amino groups com- 
bined with (masked by) metaphospbate has reached close to a 
mflrimiiTn . More metaphospbate added still leads to an added 
amount of metaphospbate bound but this increase results from 
a lower number of protein (i.e. amino) groups binding each mole- 
cule of metaphosphate polymer. A limit should theoretically 
be reached when one metaphospbate polymer is combined with 
each amino group in the protein,® 

The strong masking of the amino groups of the protein b3'^ the 
metaphospbate apparentlj"' leads to a change in the dissociation 
constant of the carboxyl groups of the protein and to the appear- 
ance of a buffer segment in the titration curve of the complex 
which is not present in the titration cur\'e of either component 
alone. The extent of this new buffer segment is ver^' nearly 
equal to (slightly greater than) the accepted acid-binding capac- 
ity of the protein and probably represents the titration range of 
the acidic groups of the protein (though in a different pH range 
from that which is characteristic of the titration of the acid groups 
of the original protein on the basis of the zwitter ion theory). 

SUMMABY 

The POj content of the protein-metaphosphate complex de- 
pends upon the PO^ concentration of the equilibrium liquid in a 
manner described by the adsorption isotherm. A salt-like, low 

bv\v metaphosphate binding 

b} the protein to follow the Langmuir isotherm. Why H does not do so 

exactly but does follow the Freundlich isotherm cannot as yet be explained 
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ionizing combination between the polyvalent metaphosphate 
ion and the basic groups of the protein is, however, clearly in- 
volved. 

Formation of this complex leads to a masking of the — NHj 
groups of the protein and a shift in the dissociation constant of 
the — COOH groups to a pH region in which they may be readily 
titrated. As the metaphosphate concentration is increased rela- 
tive to that of the protein, this buffer segment of the titration 
curve of the protein-metaphosphate complex reaches a maximum 
value which approximates closely the acid-binding capacity of 
the protein, while the amount of metaphosphate bound by the 
protein continues to increase in accord with the adsorption 
isotherm. 

That the phenomenon is of the nature of a complex flocculation 
is indicated by many properties of the complex. No similar reac- 
tion occurs between metaphosphate and amino acids or other low 
molecular weight substances containing single basic groups. 
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The absorption spectrum of vitamin Bi (thiamine) has been 
determined by several investigators. It has been found bj' some 
(1) that two absorption bands are present with maxima at 2350 
and 2670 A. respectively, whether the solvent is alcohol or water, 
but others have reported only a single absorption band around 
2450 to 2470 A. It is now clear that this lack of agreement is 
due to the fact that the absorption spectrum of thiamine is a 
function of the hydrogen ion concentration, the two maxima 
appearing for a pH of 7 or greater and only one at a pH of 5.5 
or less (2). That the absorption behavior of thiamine may be 
attributed to its pjTimidine component is suggested by recent 
studies (3) on a number of G-aminopjTimidines in acid and alka- 
line media, in which there was observed a similar change of 
absorption; the thiazole portion of the thiamine molecule ex- 
hibits a single absorption band aroimd 2530 A. (4). Holiday (2) 
found thiamine to obey Beer’s law for the narrow range of con- 
centrations investigated, within the limits of error of his measure- 
ments (±2 per cent). 

In the present study, the variation in absorption with pH for 
the pyrimidine component of thiamine has been measured as a 
prelude to the subsequent photochemical investigation. A sample 
of 2-metbyl-5-ethoxymethyl-6-aminopyTimidine, obtained from 
Merck and Company through the courtesy of George W. Lewis, 
and referred to hereafter as simply "pyrimidine,” has been used 
for all the reported measurements. The data have been obtained 
■iNuth a medium Hilger spectrograph and Spekker photometer, a 
tungsten steel spark source, Eastman No. 33 plates, and 1 cm. 
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absorption cells. The concentration employed was 6.25 X 
10“® M. At pH 4.8, 5.9, 6.4, and 7.0, phosphate buffer solu- 
tions were used, the pH values being measured with a glass elec- 
trode. For the curves labeled pH 1.5 and 13.0, we used a m/15 
HgPOi solution and a 2 per cent solution of KOH, respectively. 



Fig. 1. The absorption spectrum of 2-methyl-5-ethoxymethyI-6-amino- 
pyrimidine as a function of pH. 


The results are shown in Fig. 1 for the wave-length range 
2200 to 3000 A., where the value of the molecular extinction coef- 
ficient (e) is plotted as the ordinate, e is defined by the equation 



where c is the concentration in gm. moles per liter, d is the path 
length in cm., and lo and I are the incident and transmitted in- 
tensities, respectively. It will be seen that two absorption 
bands are present at a pH of 7.0 or more, while only one is pres- 
ent at a pH of 1.5. The region of most rapid change in absorp- 
tion with pH lies between the values 5.5 and 7.0, in agreement 
with the finding for thiamine (2). Because solutions in distiilco 
water may readily undergo changes in pH owing to CO2 uptake 
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from tbe atmosphere, it mas essential to buffer solubons in order 
to maintain known and constant absorption charactensliK. 
Similarly, as subjecting solutions of p^Tunidme to radiation might 
alter the hydrogen ion concentration, the precaution o using a 
buffet to keep the absorption behamor constant for the unchanged 
pyrimidine seemed doubly adidsable. Beer’s law was ^o 

be obeyed within the limits of error of the measurements for the 
concentrations upon which the photochemical yields are based. 



Fig. 2. Absorption spectra of irradiated thiamine “pyrimidine.” See 
Table I for values of absorbed energy. 


During ultraviolet irradiation of a 12.5 X 10~* jr solution of 
the 2-methyl-5^thoxymethyl-6-aminopyrimidine, its absoiption 
spectrum undergoes the changes shown in Fig. 2, where the ex- 
tinction coefficient, k, represents the product of e and e. The 
radiation was furnished by a low pressure mercurj' discharge tube 
(Hanovia Sc-2537) emitting almost solely the A 2537 A. line of 
inercuiy'. The energj- incident on the solution for the various 
time intervals indicated on the cun^es is given in ergs per cc. in 
Column 2 of Table I. A steady decline in the absorption maxi- 
mum can be noted until finally all selective absorption disappears. 
This signifies the decomposition of the unsaturated pyudmidine 
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ring structure, since the presence of double bonds in the ring 
always results in selective absorption in the range 2400 to 2700 A. 
Just what the breakdown products are is not known, vnth tlic 
exception of anunonia nitrogen. A test for ammonia by ness- 
lerization gave a yield which could be accounted for by about 
one-third of the amino nitrogen present in the molecule being 
split off and suggested that the amino and possibly other side 
groups were frequently split off before actual decomposition of 
the ring structure itself. A convenient and sensitive reaction 
for testing this hypothesis is available in one of the biological 
assay methods for thiamine and will now be described. 


Table I 


Absorption Data for Irradiated “Pyrimidine” 


Exposure 

time 

Incident energy 

t(2S37 A.) 
for 

solution 

A>(2S37 L) 
lor active 
' 'pyrimi- 
dine” 

A//olor 

Bolution 

AV/t/or 

active 

"pjTimi- 

dino" 

(1) 

(2) 

(3) 


(5) 

(0) 


ergs per ee. 



per cent 

per cent 

0 

0.0 

1.33 

1.33 

95.3 

95.3 

7.5 

0.763 X 10^ 

1.19 


93.4 


15 

1.526 X 10’’ 

1.04 

0.70 

90.9 

80.0 

30 

3.052 X 10» 

0.90 

0.39 

87.4 

59.2 

60 

6.152 X 10^ 

0.54 

0.11 

71.2 

: 22.5 

90 

9.261 X 10^ 

0.29 

0.02 

48.7 

1 4.7 

120 

12.364 X 10^ 

0.17 

0.00 

32.4 

0.0 


It has been shown (5, 6) that the fungus, Phycomyces blal:cs- 
leeanus, can develop quite as efficiently when administered equi- 
molecular quantities of the two components of vitamin Bi as 
when given the thiamine itself. The dry weight of the cul- 
tures was found to be a function of the concentration, so that a 
method of assaying thiamine can be based on the growth charac- 
teristics of the fungus. Similarly, an assay for the concentration 
of either thiamine component can be carried out when the concen- 
tration of the other is known. In the case of the thiamine 
''pyrimidine,^’ inactivation may mean only the removal of either 
the 6-amino group or the 5-ethoxy group from the ring rather than 
a breakdown of the ring itself, as each of the two groups rnen- 
tioned has been shonm to be essential for growth (6, 7). Since 
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the decomposition of the ring itself is reflected in the loss of 
selective absorption, these two tj-pes of photochemical inactiva- 
tion may be distinguished experimentally. 


EXPERIMENTAI. 

In our investigation, each liter of nutrient solution contained 
100 gm. of dextrose (cerelose), 4.0 gm. of f-asparagine, 1.5 gm. 
of KHsPO^, and 0.5 gm. of MgSO«-7HiO in redistilled water, 
together with 4-methyl-5-)3-hydroxj'ethylthia2ole to give a con- 
centration of 0.5 X 10~‘ M. This concentration of the thiamine 
“thiazole” was maintained constant for all determinations of 
the thiamine “pyrimidine.” The latter was prepared as a stock 
solution at 12.5 X 10'® m, buffered at pH 4.8 in a m/15 solution 
of ICSsPOi, and the irradiation exposures were made at this 
concentration. For the control growth ounces, the “pyrimidine” 
concentration in the nutrient medium was varied from 0.5 X 10“’ 
M down to zero. After 25 cc. of nutrient solution were added to 
each of ten 125 ec. Erlenmeyer flasks and the contents sterilized 
for 12 minutes at 15 pounds pressure, each flask was inoculated 
with 2 drops of a sterile spore suspension from cultures of Phycomy- 
ces blakeskeanus, plus strain, which had been growing for 10 or 
more days on potato-dextrose-agar slants. The mature cultures 
in the flasks, hairing grown for 10 days in a dark oven at 23-24°, 
were autoclaved and the mycelial mats removed, washed, dried 
for 24 hours at 95-97°, and weighed. 

The control growth curves showing the average dry weight in 
mg. per culture flask as a function of the “pyrimidine” concen- 
tration for two different determinations are shown in Fig. 3. In 
the concentration range 0.0125 to 0.150 X 10“’ m, the dry weight 
is seen to be roughly proportional to the concentration. At still 
higher concentrations of “pyrimidine,” the growth became limited 
by the “thiazole,” whose concentration was maintained constant 
at 0.5 X 10 -’m. The rather high drj’- weight when no “pyrim- 
idine” was added was apparently due to slight traces of it present 
as an impurity in the dextrose or the asparagine; if no “thiazole” 
were added either, then the dry weight amounted to only 0.4 

mg. The asparagine was reciy^stallized twice from redistilled 
water. 

For the photochemical inactivation of the “pyrimidine,” a 
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cylindrical fused quartz irradiation cell with plane-parallel faces 
was filled with approximately 5 cc. of a 12.5 X IQ-® m solution, 
buffered at pH 4.8, and placed at a distance of 6.8 or 7.0 cm. from 
the low pressure mercury discharge tube, which operated on a 
sign transformer rated at 5000 volts, 100 milliamperes. The 
cell had an opening through which a motor-driven stirrer func- 
tioned continuously during irradiation. The radiation was in- 



Fig. 3. Increase in dry weight of Phycomyces cultures as a function of 
"pyrimidine” concentration, with "thiazole” concentration constant 
(two separate trials). 

cident on one of the two circular faces of the cell and its intensity 
was measured with a vacuum type thermopile. Since the thick- 
ness of the absorbing layer of solution was very nearly 1 cm. 
(1.0057 cm.), the energy incident per sq.cm, also represented the 
energy incident per cc. of solution. 

At appropriate intervals during irradiation, a 0.05 cc. sample 
of the solution was withdrawn from the cell and its "pyrimidine 
concentration determined by a Phycomyces assay based on the 
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culture procedure just outtined and on a comparison mth the 
control growth cur\'es. For this comparison, the growth for 
any given dose of radiation in the series was computed as a per- 
centage of the growth by a non-irradiated control for a concentra- 
tion of 0.25 X 10“' M, made during the same series; a similar 
calculation was made for the control series data plotted in Fig. 3, 
and the comparisons were then made on this percentage basis. 

The validity of the Phycjomyces assay for irradiated pjnimidine 
was tested by growing three series of ten cultures differing only 
in that Series A contained 0.05 cc. of 12.5 X 10“^ m unirradiated 
pjTunidine, Series B contained 0.05 cc. of the same solution ir- 
radiated for several hours, and Series C contained 0.05 cc. of 
each of these solutions. The growth in Series C was approxi- 
mately equal to the sum of the growth in Series A and B, indi- 
cating that the end-products of pyrimidine inactivation do not 
inhibit the growth of Phycomyces. 

In order to calculate the radiant energy absorbed at X 2537 A. 
by the solution during an exposure interval, it was necessary' to 
measure the absorption from time to time. This was done by 
interrupting the exposure and determining the absorption spec- 
trum wth the Hilger Spekker photometer, securing curves like 
those of Fig. 2. With the incident energy and the per cent ab- 
sorption known as a function of time, the total energy ab- 
sorbed per cc. during an inten-al could he calculated. The value 
determined in this way represents not only the energy absorbed 
by the active “pj'rimidine,” but also by the various possible 
inaetiT'ation products. Since the concentration (c) of the active 
component is known from the Phycomyces assay, and its extinc- 
tion coefiBcient is equal to ec, where t is the molecular extinction 
coelBcient at X 2537 A. obtainable from the top curve of Fig. 2, 
it is possible to calculate that portion of the energy absorbed by 
the active “pyrimidine.” The fraction in question is the ratio 
of the product (k) just mentioned to the value of k determined 
from the cunu in Fig. 2 after a particular period of irradiation. 


Kesults 


The data given in Table I represent the conditions of Fig. 2 
but give in addition the total energy incident per cc., the per 
cent absorbed at 2537 A. by the solution (A/U), and finally 
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the per cent of the incident energy per cc. which is absorbed by 
the active “pyrimidine” MV7o) at the end of the time intervals 
indicated. 

Upon plotting the extinction coefficients for the inactive de- 
composition products as a function of wave-length for various 


Table II 


Quantum Yield Data for “Pyrimidine" Inactivation 



Dry weight of 
cultures 

(2) 

P 3 ’riniidine 

inactivated 

(3) 

Average 

energy 

absorbed 

per 

interval 

(P 

Total energy absorbed 
by active pyrimidine in 

Quantum 

yield 

0) 

Joules per 
ce. 

W 

Quanta per 
original 
molecule 
(6) 

min. 

mf, per flash 

per cent 

per cent 




0 

131.6 ± 1.7 

0.0 


0.00 

0.0 


15 

94.7 ± 1.6 

53.0 

70.7 

1.34 

22.8 

0.0232 

30 

63.1 ± 1.0 

75.5 

46.5 

2.15 

36.5 

0.0207 

45 

43.0 ± 1.0 

87.7 

27.7 

2.64 

44.9 

0.0195 

60 

28.4 d: 0.8 

95.8 

17.6 

2.95 

50.2 

0.0191 

90 

23.9 ± 0.4 

98.0 

10.7 

3.14 

53.4 

0.0183 

0 

124.8 db 4.0 

0.0 


0.00 

0.0 


28 

73,3 ± 1.0 

65.0 

65.9 

2.16 

36.7 

0.0177 

60 

35.4 ± 1.3 

94.0 

25.3 

3.10 

51.8 

0.0178 

90 

22.6 ± 0.8 

99.4 

9.1 

3.42 

58.0 

0.0171 

0 

128.7 ± 3.0 

0.0 


0.00 

0.0 


30 

64.3 ± 2.1 

72.5 

64.6 

2.30 

39.2 

0.0187 

60 

26.9 ± 2.1 

96.0 

23.9 

3.14 

58.0 

0.0181 

90 

17.9 ± 0.9 

100.0 





0 

124.1 ± 1.3 

0.0 


0.00 

0.0 


100 

67.2 ± 0.7 

70.0 

64.2 

2.38 

40.5 

0.0173 

125 

57.9 ± 0.6 

76.8 

29.8 

2.66 

45.2 

0.0170 

150 

43.5 ± 0.7 

85.8 

23.4 

2.88 

48.9 

0.0175 

0 

112.6 ± 1.4 

0.0 


0.00 

0.0 


90 

69.1 ± 0.7 

63.4 

65.6 

2.18 

37.0 

0.0171 

120 

51.3 db 0.9 

77.5 

32.1 

2.53 

43.0 

0.0180 

150 

45.4 ± 1.4 

82.0 

24.0 

2.79 

47.4 

0.0174 


Average 


0.0181 


times of irradiation, it was found that they exhibited selective 
characteristics. This indicates that inactivation has resulted 
from the splitting off of radicals from the 2-methyl-5-cthoxy- 
methyl-6-aminopyrimidine as well as from a breakdown of the 
ring structure. The more probable reaction would seem to be 
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the removal of the essential amino group rather than the ethoxj'- 
methyl group, since it is knmvn that the C-N bond is much 
weaker than the C-0 bond. That ammonia is a common de- 
composition product of irradiated amino acids (8) gives some in- 
dication of its probability of detachment from organic molecules. 

Quantum yields for the inactivation of the essential “pyim- 
idine” have been calculated from five different irradiation 
trials, a summary of which is given in Table II. The dry weight 
in each case is the average for ten flasks (in the fourth and fifth 
trials, for fifteen to thirty flasks) and the probable errors are 
given in each case. Column 4 represents the average in per cent 
of the incident energy absorbed by the active “pyrimidine” during 
the respective irradiation intervals, while Columns 5 and 6 give 
the total energy absorbed in joules per cc. for various irradiation 
times and the quanta absorbed per molecule of “pyrimidine” 
initially present, respectively. The last column shows the quan- 
tum yield at 2537 A. as determined for each intenml separately. 
The average value is seen to be 0.0184, which means that on the 
average only 1 molecule is inactivated for every 54 quanta 
absorbed. 

Earlier studies (9, 10) on the effect of ultraviolet radiation upon 
substances containing the pyrimidine ring have been based entirely 
on changes in their absorption spectra. This has led in the case 
of nucleic acid to the conclusion that it is very stable, having 
suffered almost no change in its absorption spectrum after an 
hour’s exposure to the full radiation of a mercury arc under con- 
ditions presmnably yielding a greater ultraviolet energy than is 
found in the present work to be sufficient for completely inacti- 
vating the “pyrimidine.” This conclusion seems unjustified, 
because the pyrimidine and purine constituents of nucleic acid, 
being held to the molecule through C— N linkages, may be split 
off and the solution would still continue to give the characteristic 
absorption spectrum of nucleic acid. This latter statement is 
b^ed on the fact (11) that the molecular extinction coefficient 
of nucleic acid is equal to the sum of the coefficients of its con- 
stituents, at least approximately. 


The raters wish to express their gratitude to Dr. L. J. Stadler 
“terest, to Mr. Louis A. Fourt for technical assistance, and 
to the Umversity Research Council for a grant. 
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SUMMARY 

The absorption spectrum of 2-methyl-5-ethoxymethyl-6-amino- 
pyrimidine has been found to vary with pH in the same manner 
as that of thiamine (vitamin Bi), and is evidently responsible for 
the behavior of the latter. 

The photochemical decomposition of this . thiamine “pyiim- 
idine” at X 2537 A. has been demonstrated by its loss of selective 
absorption and its inability to support the growth of Phycomym 
cultures. 

The quantum yield for inactivation, when inactivation results 
' from changes in side groups as well as from a breakdown of the 
ring structure, has been found to be 0.0184. 
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In an effort to test the validity of the hypothe^ that phos- 
phorylation is concerned with the selective absorption of certain 
hexoses, Verz4r and SuUmann (1) studied the effect of the ab- 
sorption of sodium chloride, glucose, fructose, galactose, mannose, 
and glycerol on the concentration of several fractions of the acid- 
soluble phosphate in the intestinal mucosa. Their data show 
that the concentration of the organic acid-soluble phosphate that 
accompanied the absorption of hexoses and of glycerol exceeded 
the concentration that was observed during the absorption of 
sodium chloride. However, since the order of the increases that 
were observed did not correspond with the order of the velocity of 
absorption of the respective hexoses, it was concluded that no 
statement could be made concerning the specificity of these 
changes. Such a comparison may have been affected by the 
occurrence of side reactions which involve phosphorylation and 
which may have differed in the case of the different sugars. Also, 
some of the hexoses employed form monophosphoric acid esters, 
while at least one (fructose) may form a diphosphoric acid ester. 
These considerations raise some doubt as to the significance of a 
comparison between the rates of absorption of several sugars and 
the concentration of the several fractions of the acid-soluble phos- 
phate in the intestinal mucosa. 

A recent study by Althausen and Stockholm (2) makes possible 
a different approach to this problem. These workers demon- 
strated that the administration of thyroxine to rats markedly 

• Aided bj' a grant from the Christine Breon Fund for Medical Research. 
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increased the rate of absorption of substances susceptible, to 
phosphorylation, such as glucose, galactose, and oleic acid, and 
that thyroidectomy decreased the rate of absorption of glucose, 
Accelerated emptying time of the stomach, increased basal meta- 
bolic rate, increased rate of blood flow, hyperperistalsis, and in- 
creased permeability of the mucosa were ruled out as factors ac- 
celerating the rate of absorption of glucose in the rat treated 
with thyroxine. It was suggested that thyroxine increases in- 
testinal absorption through stimulation of the phosphorylation 
mechanism. 

In this connection it was thought that it might be more signifi- 
cant to compare the concentrations of the several fractions of the 
acid-soluble phosphate in the intestinal mucosa during the ab- 
sorption of a single hexose (glucose) under conditions of acceler- 
ated, normal, and retarded rates of absorption. A positive cor- 
relation between the concentration of phosphates in the mucosa 
and the rate of absorption would support the hypothesis that 
phosphorylation is a process concerned with the selective absorp- 
tion of certain hexoses, A lack of correlation need not militate 
against such a hypothesis, since it is possible that the concentra- 
tions of the several fractions of phosphate are governed by a 
steady state that is not greatly influenced by changes in the rate 
of absorption. 


EXPERIMENTAL 

Female rats weighing between 180 and 200 gm. were employed 
throughout this investigation. In order to clear the intestine of 
food residues, the animals were fasted in a metabolic cage during 
a period of 48 hours.^ They were then given, by means of stom- 
ach tube, 3 cc. of a 20 per cent solution of glucose. This amount 
of glucose is more than the animal is able to absorb during a 
period of 45 minutes. 3 cc. of an isotonic solution of sodium 
chloride were given to a control group of rats. 45 minutes after 
administration of glucose or sodium chloride the animals were 
sacrificed, the intestines were removed, and the mucosal surface 
was rapidly washed with two 5 cc. portions of a cold isotonic 

1 It was found necessary to administer a cube of sugar after the first 
24 hours of fasting to prevent death in the thyro.rinized animals. Tlie 
normal and thyroidectomized animals received the same treatment. 
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solution of sodium cliIoride.= The mucosa n-as scraped from the 
intestme, frozen with solid carbon dioxide, and pulvenzed. 
operations were conducted as rapidly as possible in order to 
prevent hydrolj'sis of phosphate esters. 

A portion of the finely powdered mucosa was i^en^ed for 
determination of the water content. Another portion (1 to 2 
gm.) was weighed in a tared bottle that contained 24.0 cc. of a 
10 per cent solution of trichloroacetic acid. The mixture was 
triturated for 15 minutes and filtered. Such a procedure yielded 
a clear, protein-free filtrate. The directly determined acid-sol- 
uble phosphate, the total acid-soluble phosphate, and, by dif- 
ference, the organic acid-soluble phosphate were determined by 
the method of Fiske and Subbarow (3). In addition to inorganic 
phosphate, the directl 3 ' determined phosphate contains about 5 
per cent of phosphate that results from the hydrolysis of creatine 
phosphate (1). Lohmann’s method (4) was used to characterize 
the organic acid-soluble phosphate. According to this method, 
the trichloroacetic acid filtrate is h 3 'drolyzed bi^ 1 N b 3 'droch]oric 
acid at 100® for varying lengths of time. The inters'als of time 
that were employed in this work were 7, 30, and 180 minutes. 
The concentration of phosphate that was liberated b 3 ' 180 minutes 
of acid b 3 ’drolyris is referred to as the easily h 3 'drolyzed organic 
acid-soluble phosphate. The difference between the concentra- 
tions of the organic acid-soluble phosphate and the easily h 3 '- 
drolyzed organic acid-soluble phosphate is referred to as the 
difficulty h 3 'drol 3 ’’zed organic acid-soluble phosphate. 

Such anal 3 'ses were carried out, in groups of ten animals, on 
normal, h 3 T)erthyroid, and h 3 T)oth 5 Toid rats after the administra- 
tion of glucose, and on normal rats after the administration of 
sodium chloride. Animals were rendered hyperthyroid b 3 ’^ the 
daily intraperitoneal injection of 0.1 mg. of th 3 uoxine per 100 
gm. of weight for 12 da 3 's prior to the absorption experiments. 
A second group of animals was rendered h3T)othyroid through 

’ Many of the intestines, particularly those of the thyroidectomized 
animals, contained a substance (possibly bUe salts) which interfered with 
the estimation of the directly determined phosphate. The substance can 
byemoved adequately by washing with two 5 cc. portions of a cold isotonic 
solution of sodium chloride. Such waslungs do not cause a perceptible 
change m the concentration of the acid-soluble phosphate. ^ 
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surgical removal of the thyroid gland.® The operation was per- 
formed at least 3 weeks prior to the experiment. 

In an effort to accentuate the differences obtained by the 
analyses of the mucosa of the whole intestine, a comparison was 
made of the concentrations of the several fractions of the acid- 
soluble phosphate in the mucosa of the upper quarter and the 
lower three-quarters of the intestine during the absorption of 
glucose at an accelerated rate (thyroxinized animal). In order 
to obtain sufficient mucosa from the upper portion of the intestine 
it was necessary to pool the samples of four animals. The data 
for the lower three-quarters likewise represent the results of the 
analyses of the pooled samples of four animals. Results are also 
reported for a similar experiment conducted on the normal animal 
during the absorption of sodium chloride. 

Results 

The data obtained by analysis of the mucosa of the whole 
intestine in the four groups of animals are presented in Table I. 
In the next to the last column the acid-soluble organic phosphate 
is expressed as per cent of the total acid-soluble phosphate and 
in the last column the easily hydrolyzed organic acid-soluble phos- 
phate is expressed as per cent of the organic acid-soluble phos- 
phate, Inasmuch as no changes occurred in the concentrations 
of the 7 and 30 minute acid-soluble phosphates that were not 
accounted for by the changes in the concentration of the easily 
hydrolyzed (180 minute) acid-soluble phosphate, only the latter 
values will be considered in the discussion. 

A comparison (Table I) of the concentrations of the several 
fractions of the acid-soluble phosphate of the intestinal mucosa 
during the absorption of glucose in the normal, thyroxinized, and 
thyroidectomized female rat shows the following, (a) Regard- 
less of the rate of absorption of glucose, the organic acid-soluble 
phosphate constitutes an invariable portion (65 per cent) of the 
total acid-soluble phosphate. It follows that the small variations 
in the concentrations of the directly determined acid-soluble phos- 
phate and the organic acid-soluble phosphate are accompanied 
by a comparable variation in the concentration of the total acid- 

® The authors wish to acknowledge the debt to Dr. R. I. Pcncharz for 
performing the thyroidectomies 
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soluble pbospbate. The concentration of the organic acid-soluble 
phosphate in the case of the rapid absorption of glucose represents 
only a 12 per cent increase over the concentration of this fraction 
during the slow absorption of glucose, (h) Under the condition 
of normal and retarded rates of absorption of glucose, the easily 
hydrolyzed organic acid-soluble phosphate forms a constant 
portion (26 per cent) of the organic acid-soluble phosphate. Ac- 
cordingly, this fraction also constitutes a constant portion (17 
per cent) of the total acid-soluble phosphate. 

Under the condition of the rapid absorption of glucose, the 
easily hydrolyzed organic acid-soluble phosphate constitutes a 
slightly greater portion of both the organic acid-soluble phosphate 
and the total acid-soluble phosphate. The easily hydrolyzed 
fraction forms 29 per cent of the organic acid-soluble phosphate 
and 19 per cent of the total acid-soluble phosphate. Despite the 
fact that the concentrations of the organic acid-soluble phosphate 
and the easily hydrolyzed organic acid-soluble phosphate vary 
directly with the velocity of absorption of glucose, the differences 
are small and are probablj’’ non-significant. 

A comparison of the concentrations of the several fractions of 
acid-soluble phosphate in the intestinal mucosa of the female 
rat during the absorption of sodium chloride and during the 
absorption of glucose shows the following, (a) In all cases of 
the absorption of glucose (accelerated, normal, and retarded rates), 
the organic acid-soluble phosphate constitutes a greater part (65 
per cent) of the total acid-soluble phosphate than in the case of 
the absorption of sodium chloride (58 per cent). However, the 
difference in the concentrations of organic acid-soluble phosphate 
is small. The higher percentage of organic acid-soluble phosphate 
that accompanied the absorption of glucose was obtained in one 
case (thyroxinized animal) apparently through the conversion of 
a portion of the directly determined acid-soluble phosphate into 
the organic fraction, and in the other two cases (normal and 
thyroidectomized animals) through a diminution in the concen- 
tration of the directly determined fraction, (h) In contrast to 
the conchtions that obtain as a result of the absorption of glucose, 
duimg the absorption of sodium chloride the concentration of the 
easily hydrolyzed organic acid^oluble phosphate amounts to 
only 55 mg. per cent and constitutes but 21 per cent of the or- 
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ganic acid-soluble phosphate and 12.5 per cent of the total acid- 

soluble phosphate. . , , 

According to Verzar and Wirz (5) the absorption of glucose is 

greater in the upper portion than in the lower portion of the small 
intestine. Perhaps the smaU change in the concentration of the 
easilv hj'droh’zed organic acid-soluble phosphate that results from 
changes in the rate of absorption of glucose represents a signifi- 
cant Yariation in the concentration in a small portion of the in- 
testine that is masked bj' the acid-soluble phosphate that is 
present in the remaining portion. If this is so, then there should 
be a significant difference in the concentration of this fraction 
in the mucosa of the upper one-quarter and the lower three- 
quarters of the intestine during the absorption of glucose at an 
accelerated rate (thyroxinized animal). 

The data (Table II) show that during the rapid absorption of 
glucose there is no significant difference in the concentrations of 
the several fractions of the acid-soluble phosphate in the mucosa 
of the upper quarter and lower three-quarters of the intestine. 
The data for the analyses of the mucosa of the upper and lower 
portions of the intestine during the absorption of glucose and 
sodium chloride confirm the results that were obtained for the 
mucosa of the whole intestine. 


DISCUSSION 


Studies conducted on the intestinal absorption of the mono- 
saccharides have shown that glucose and galactose, sugars which 
are susceptible to phosphorjdation, are absorbed at a rate that is 
characteristic for each sugar and is, within rather wide limits, 
independent of the concentration of these sugars in the lumen. 
Mannose, sorbose, and xjdose are absorbed at a rate that is 
proportional to the concentration of the sugars. The selectively 
absorbed hexoses are absorbed at a greater rate than other 
sugars (6). 


According to the phosphorylation theorj' of intestinal absorp- 
tion, the selective absorption of glucose and galactose is dependent 
upon the conversion of these hexoses, presumably within the 
epithehal cells of the intestinal mucosa, to hexosephosphates. 
In this manner there is obtained a steep gradient for the fusion 
of the hexoses across the epithelial cell membrane that is proximal 
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to the lumen of the intestine. It seems expedient to consider that 
the absorption of a substance across the intestinal barrier in- 
volves a passage through the epithelial cell membrane that is 
proximal to the lumen, into the protoplasm of the cell, and through 
the cell membrane that is distal to the lumen. Inasmuch as the 
free hexose is recovered in the blood, hydrolysis of the hexose- 
phosphate must occur either within or without the cell. It is 
attractive to consider that hydrolysis occurs outside of the 
epithelial cell membrane that is distal to the lumen of the in- 
testine; possibly, in the area between the membrane and the 
capillary wall. In this way there is obtained a steep gradient 
for the diffusion of the ester out of the cell. According to this 
theory, the concentration of any ester that may occur as a result 
of phosphorylation in the mucosa would be governed to a large 
extent by the following factors; (a) the rate of formation of the 
ester, (b) the concentration of the ester that is necessary to es- 
tablish a gradient for the diffusion of the ester through the cell 
protoplasm, and (c) the rate of disappearance of the ester. In the 
case wherein the velocity of formation and the velocity of disap- 
pearance are equal, the concentration of the hexosephosphate will 
be governed by the conditions of the steady state. If the veloc- 
ities are not equal, conditions may exist wherein changes in the 
concentration of the esters may accompany changes in the veloc- 
ity of the absorption of glucose. 

The results of the work herein reported show that variations 
in the velocity of the absorption of glucose, as effected by the 
thyroid gland, do not cause any significant changes in the con- 
centrations of several fractions of the acid-soluble phosphate of 
the mucosa of the whole intestine of the rat. A comparison of 
the concentration of the several fractions of the acid-soluble 
phosphate in the mucosa of the upper portion of the intestine 
and .the lower portion of the intestine during the rapid absorption 
of glucose confirms the above findings. There is no significant 
difference in the concentration of phosphates in the different 
portions of the mucosa during the rapid absorption of glucose. 

It may be concluded that although the absorption of glucose is 
accompanied by a slight increase in the percentage of the acid- 
soluble phosphate esters over that observed during the absorption 
of sodium chloride, changes in the rate of absorption of glucose, 
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as influenced by the thyroid gland, have little or no efliect on the 
concentration of these esters. 

The lack of correspondence between the concentration of the 
acid-soluble phosphate esters and the velocity of absorption of 
glucose neither supports nor denies the validity of the hypothesis 
that phosphorjdation is a process that is concerned vdth the selec- 
tive absorption of glucose and galactose. For it must be assumed 
that the concentration of such esters depends upon the rate of 
formation and the rate of disappearance. Accordingly, a differ- 
ence in the rate of turnover of the acid-soluble phosphates need 
not be accompanied by a change in concentration. 

SUMMART 

A study of the concentrations of several fractions of the acid- 
soluble phosphate in the intestinal mucosa during the absorption 
of glucose at various rates neither supports nor invalidates the 
hypothesis that phosphorylation is a process concerned with the 
selective absorption of certain hexoses. 
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THE EELATION OF THE PHOSPHORUS TURNOVi^ OF 
THE BLOOD TO THE MINERAL METABOLISM OF 

the calcified tissues as shown by 
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Detailed data on the phosphate turnover of rat blood, bones, 
and teeth have been reported (1). The interpretations were 
based on phosphate changes calculated as percentages of the 
original dose of marked phosphorus found in each gm. of tissue 
at a specified time after administration. Such calculations give 
an adequate description of the findings but do not facilitate an 
understanding of the metabolic relations between the tissues. For 
example, although it has long been considered a valid concept 
that the blood minerals are in some sort of equilibrium with the 
corresponding bone minerals, by the above manner of calculation 
it would appear that in 48 hours blood containing 0.20 per cent 
of the total dose per gm. deposits 10 per cent of the total dose 
in bone. If such an amount of marked phosphorus entered the 
bone as new calcification, one-fifth of the total bone would have 
to be deposited in 24 hours, which is absurd. However, the rela- 
tion between blood and bone phosphates may be explained by 
calculating the changes in terms of the P*;P ratio;' t.e., the frac- 
tion of the dose of marked phosphorus found per mg. of total 
phosphorus in the various tissues. 

The first important point to come from this calculation is that 

This work was supported in part by the Carnegie Corporation of New 
Aork, and by the Rockefeller Foundation. 

> The asterisk indicates radioactive phosphorus. The number of P« 
atoms is small enough to be negligible compared to the number of P” 
atoms; therefore the ratio P»^ to total P is equivalent to the ratio P» to 
inert P, or P”:P»i. 
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the marked phosphorus concentration initially is much higher in 

the blood than in the calcified tissues. Thus, 24 houre after the 

ingestion of the dose, 1 gm. of blood contains 0.21 per cent of the 

P* dose and 0.465 mg. of total P, equivalent to a P*:P ratio of 

0.46; while 1 gm. of epiphyseal bone (inorganic part) contains 

10.3 per cent of the P* dose and 190.0 mg. of total P, equivalent 

to a P*:P ratio of 0.07. Thus, the blood ratio is approximately 

6.5 times that of the epiphyseal bone. 

*0 

3 

k. 

O 



Fig. 1. Concentration of marked phosphorus per mg. of total phosphorus 
in the tissue. Note that the concentration in none of the calcified tissues 
reaches that of the blood before 8 days. 


From the percentage dose versus time curves given by Manly 
and Bale in their Fig. 1 (1), values for the P*:P ratio were cal- 
culated for blood, epiphyses, diaphyses, molars, and incisors. A 
study of these P* : P ratio versus time curves (Fig. 1) reveals three 
significant facts. (1) During the first 4 days the blood ratios 
are high and the bone ratios low. Although the ratios for the 
calcified tissues rise rapidly during the first 24 hours, the values 
remain below the blood value for the ensuing 6 days. It is reason- 
able to inquire why the rise in ratio of the calcified tissues is 
checked so sharply if equilibrium with the blood is taking place. 
(2) Not only do the bone ratios fail to reach the blood ratios but 
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in the case of the epiphyses and diaphyses, marked pho^horus 
is lost in the face of a high P*:P ratio in the blood. (3 The con- 
centrations in the blood and epiphyses are not equal until the 
12th day and it apparently requires even longer for equihzation 
to take place between blood and diaphyses. 

To set up a mechanism by which these complicated changes 
can be described requires certain assumptions. ^ First, the marked 
phosphorus is assumed to be in rapid and continuous equihbrium 
with the various phosphate fractions of the blood, so that all the 
fractions of blood phosphorus contain identical ratios of P*:P.- 
Consequently the P*:P ratio of the whole blood can be taken 
as a measure of the P*:P ratio of that fraction of the blood phos- 
phate which is in equilibrium with bone. 

The second assumption is that calcified tissues are composed 
physiologically of two portions, one of which rapidly comes to 
equilibrium with certain blood minerals. This portion will be 
designated as labile bone. The other portion reaches equilibrium 
slowly and, by comparison, exhibits negligible exchange with 
these blood minerals. It will be designated as stable bone. This 
concept does not denote any anatomical location of the two 
portions. 

When these two assumptions are combined, the equilibrium 
between blood and labile bone will be characterized by identical 
P*:P ratios in the two tissues. On the other hand the exchange 
between blood and stable bone is sufficiently slow so that the 
P*:P ratio of stable bone will lag far behind any changes in the 
blood ratio. 

With these criteria, the three points described above wiU be 
treated in order. 

Apparent Discrepanq/ between Initial High Blood and Low Bone 
P*:P Ratios— The limited rise for bone* values results from 
averaging the P* content of the labile fraction with that of the 
proportionately laiger stable fraction. At the end of 24 hours, 
the P*:P ratio for blood is 0.36, for epiphyseal bone 0.06; there- 

’Some expenmeutal evidence is available to support this assumption: 

distribution between total blood P and blood phos- 

following discussions, it includes 

onlj the epiphyseal or diaphyseal bone on which data are avaflable. 
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fore, about one-sixth of the bone maybe considered as labile 
with a ratio equal to that of blood, and the remaining five-sixths 
as stable with as yet negligible quantities of marked phosphorus 
(see Table I). Thus the sudden rise in marked phosphorus in 
the epiphyseal bone is to be ascribed not to a deposition of plios- 
phorus but to an exchange in which only one-sixth of the phos- 
phorus- atoms of the bone have come to equilibrium with the 
blood. On this basis the discrepancy between the high blood 
and low bone ratios is only apparent and not real. 

This explanation, however, raises a question as to why the ratios 
for the calcified tissues do not parallel the blood ratios throughout 
the whole experiment. Assuming a labile portion of bone in 
equilibrium with the blood, a sharp fall in the bone ratio would 
be expected from the 2nd to the 8th day. Actually, as the blood 
levels fall, the values for the total bone remain nearb’’ constant. 
This may be attributed to an increase in the P*:P ratio in slabk 
bone resulting principally from new calcification. The necessary 
amount of daily phosphorus deposition to give a curve agreeing 
closely with that for diaphyses in Fig. 1 is approximately 1/50 
of the total amount of phosphorus already present in the bone. 
This corresponds to a daily deposition of about 10 mg. of phos- 
phorus, which is almost exactly the value obtained by calculation 
from the data given by Donaldson (3) on skeletal calcification 
rates in young male rats. 

Loss of Marked Phosphorus from Bone in Conlaci loith Blood of 
Higher P*:P Ratio — From the 2nd day the P* : P ratio in the blood 
falls, first rapidly and then slowly, causing an equivalent decrease 
in the ratio in the labile bone. Since, in the period from the 2n(I 
to the 4th day, the labile bone contains a major portion of tiic 
marked phosphorus in the bone, the ratio for whole bone also 
falls. However, the curve for bone ratios does not continue to 
decrease because increasing quantities of radioactive phosphate 
are present in the stable portion. Thus, about the 5th day tlic 
labile and stable bone contribute equally to the total marked 
phosphorus content. However, even at this time the P*:P ratio 
in the stable bone is much lower than that in the labile bone or 
in the blood. Therefore, the decrease in the ratio in the labile 
portion of the bone results in a decrease in the P*:P ratio for 
whole bone. 
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Significance of Convergence of Curves for Blood and Bon ^ The 
P*:P ratio in the blood falls very slowly from the 12th to the 20th 
day, with a concomitant decrease in the ratio of the labile bone. 
However, the ratio in stable bone is increasing and the P*;P ratio 
of each daily increment is the same as the current blood ratio. 
Hence, the cun-es for blood and bone must converge and finallj 
cross; this convergence is seen in the cun'es for epiphyses, incisors, 
and diaphyses, and a crossing in the cun’es for incisors and per- 
haps epiphyses. 

The relative amounts of labile to stable calcification differ 
widely in epiphyses, diaphyses, incisors, and molars, as is shown 
in Table I; the percentage figures were obtained by setting the 
ratio in the labile bone equal to that in the blood. Stable bone 


Tabix I 

Magnitude of Labile Fraction of Various Tissues 



Fraction of whole 
tissnewhieiiis 
labQe 

Par cent of total xaarkeii pbosphorus 
present in UbOe portions 

1 1 day 

20 days 

Epiphyses 

1/6 

95 

21 

Diaphyses 

1/12 

90 

11 

Molars 


87 

8 

Whole incisors 

1 1/12 

73 

3 


The percentage figures for total P* in the labile portions are taken from 
the summed curves (see the text) . 


was assumed to add equal daily increments^ of phosphorus pos- 
sessing the P*:P ratio current in the blood. In this fashion two 
curves were derived, which were adjusted so that the sum would 
fit the experimental points for the 1st and 20th days. From the 
adjusted curves the relative contributions of the labile and of the 
stable portions can be compared with the total marked phosphorus 
content. On the 1st day 95 per cent of the total marked phos- 
phorus in the epiphyses is in the labile portion. The other tissues 
range down from this value to 73 per cent in the labile portion 
of the whole incisors. On the 20th day, 21 per cent of the total 
marked phosphorus in the epiphyses is in the labile portion, while 
only 3 per cent is in the same portion of the whole incisors. ’ 


‘ "Accretion rate," 
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. In comparison with the other calcified tissues the labile portion 
of the epiphyses is the largest (one-sixth) and has the highest 
percentages of the total marked phosphorus; in addition, its 
accretion rate is higher than for the diaphyses. In other words, 
the epiphyses are the site of the most active mineral metabolism. 
The relative magnitudes of the labile portions of the diaphyses 
and of the whole incisors are comparable even though the accretion 
rate of the incisors is nearly 3 times that of the diaphyses. This 
is to be expected from the known high rate of calcification of 
the incisors, which is also shown by the very low" contribution 
of the labile portion at 20 days. The labile portion of the molars 
is minute; this together with a low accretion rate brings the P*:P 
ratio for the molars to only one-fifth of that of the blood even at 
20 days. Although the relative importance of the labile portion 
of the molars is numerically quite similar to that of the diaphyses, 
the mineral metabolism of the molars is small compared to that 
of the diaphyses. This indicates that similar processes differing 
in degree are occurring, in agreement with the concept that dentin 
is analogous to dense cortical bone. 

SUMMABY 

A rational explanation of the behavior of the calcified tissues 
following the administration of a dose of radioactive phosphorus 
has been evolved on the basis of two assumptions; first, that all 
forms of phosphorus in the blood are in equilibrium, and second, 
that bone is composed of a labile portion in equilibrium with 
the blood, and a stable portion receiving phosphorus in an incre- 
mental fashion. From a knowledge of the P*:P ratio in blood 
and in bone, one may calculate the relative amounts of labile 
and stable bone. With these values three theoretical considera- 
tions are derived from the experimental results. 

1. Immediately following the administration of radioactive 
phosphorus, the high blood P*:P ratio is accompanied by an 
identical ratio in the labile bone. The labile bone, hownver, 
constitutes a sufficiently small portion of the whole bone to make 
the total bone P*:P ratio much lower than that of blood. 

2. The blood P*:P ratio falls rapidly during the 2nd to 4th 
day, with an equal fall in the ratio in the labile bone. In this 
period, the stable bone has added a small daily increment of new 
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calcification which has the P*:P ratio currently in the blood; this 
amount is insufficient to prevent a fall in the total bone P* c P ratio. 

3. By about the 5th day, the stable bone, owing to continuous 
accretion of marked phosphorus, has a P* content equal to that 
of labile bone. After the 5th daj% although the ratio falls slowly 
in the labile bone, the ratio in the stable bone and consequently 
in the whole bone increases. By the 15th day, in rapidly calcifying 
tissues, this increase gives a demonstrably higher P*:P ratio in 
the whole tissue than in the blood. 

Prom these calculations, a quantification is made of certain 
phases of mineral metabolism of the calcified tissues. The num- 
bers expresang physiolopcal processes previously known quali- 
tatively help to explain the chemical changes which occur in 
calcifying tissues. These numbers are used to determine the 
magnitude and kind of certain physiological elements of calcifica- 
tion in a given tissue and to compare these functions in various 
tissues. 
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Since the reducing substances formed in diastatic reactions 
normally represent mixtures of glucose, maltose, and non-feiment- 
able reducing matter (1), vre estimated in this study the quantities 
of each of the three constituent groups separately by means^ of 
methods previously described (2). In one portion of the reaction 
mixture the total reducing power was determined (fl); another 
portion was fermented with washed bakers’ yeast at alkaline 
reaction (pH 8.0 to 8.4) for 30 minutes before determination of 
the reducing power (b); a third portion was fermented at im- 
modified reaction for 2 hours and the residual reduction (c) was 
then determined, a — b = copper reduced by glucose; b — c = 
copper reduced by maltose; c = copper reduced by non-ferment- 
able substances. 

The amovmt of maltose was calculated from the reduced copper 
by multiplying the corresponding glucose equivalent by the 
factor 1.55, as we have found that, with the “high alkalinity” 
copper reagent employed in this work, 1.55 mg. of maltose reduce 
the same amount of copper as 1 mg. of glucose. The quantity 
of the non-fermentable reducing substances, referred to hereafter 
as reducing dextrins, was expressed in terms of maltose. 

The objective of this work was exploration of the character of 
possible new information that can be obtained by our method of 
tripartite analysis, rather than a comprehensive study of the 
kinetics of diastase action. Accordingly we report in this paper 
only on the influence of changes in a limited number of factors, 
such as time, enzjme concentration, substrate concentration, and 
dilution. The quality of substrate, temperature, electrolyte 

• This work was aided by a contribution from Mr. Hugo F. tJrbauer. 
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concentration, and hydrogen ion concentration were, on the bads 
of close scrutiny, standardized and kept unaltered throughout 
these experiments. 

AS'abstrotc— Soluble starches, as shown by Sherman and Bate 
(3) and by several other workers, yield variable results. Liiers 
and Wasmund (4) called attention to the profound influence that 
heating of starch paste under pressure exerts upon the course of 
diastatic reactions. In order to avoid the influence of these 
variable factors, we employed as substrate starch paste, prepared 
of a good commercial grade of corn-starch, at 100°. But even 
slight natural variations occurring in unmodified starches suffice 
to affect the results of enzyme action. To obviate this source of 
variability, O’Sullivan (5) and Sherman, Walker, and Caldwell 
(6) subjected the starch to washing with dilute acid and alkali. 
We found that washing corn-starch with 0.01 n hydrochloric 
acid and then with water served the purpose satisfactorily. 

Temperature — Our observations were uniformly made at 40'. 
This is not the temperature at which the maximum amount of 
reducing matter is produced. One should be aware of the fact, 
however, that in experiments extending over long reaction periods, 
the maximum amount of reducing matter is produced at lower 
temperatures than in brief reaction periods; i.e., the longer the 
reaction time, the lower the optimal temperature. This is due 
to the fact that elevation of the temperature exerts two counter- 
current effects; while it enhances enzyme activity, it also ac- 
celerates the rate of inactivation of the enzyme. Since the tem- 
perature coefficient of the latter process is higher than that of 
the first, time brings the destructive effect to the fore. Thus, if 
one wanted to employ optimum temperature, this would have to 
be sought out for every particular reaction period. To avoid this 
complication, we conformed with general usage in adopting 40 as 
the standard temperature. 

Electrolyte Concentration — Available data as to the concentra- 
tion of NaCI at which the reaction proceeds at a maximum rate 
are contradictory. Discrepancies are particularly great m 
figures concerning diastases of different origin. We found d 
necessary, therefore, to determine the optimum NaCl concentra- 
tion for blood and urine diastases, the principal objects of our 
studies. May it suffice to state without the presentation of dc- 
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taUed data that for the diastatic actiTjty of human blood ptoa, 
urine, and saliva, 0.2 to 0.4 per cent represents the optimum 
range of NaCl concentrations. _ j- 

Hydrogen Ion Concentration— Blood, urine, and salivary dia^se 
exert maximum saccharogenic activity at pH 6.8 to 7.4, if all 
other conations affecting the reaction are constant. ^ In view of 
the width of this range we deemed it sufficient to adjust the pH 
of the enzyme solutions to 7.0 to 7.2 by the addition of acid or 
alkali, without incorporating any extraneous buffer solution in the 
reaction mixtures. 

Effect of Time and Enzyme Concentration 

In the construction of time curves of the saccharogenic process, 
mixtures of starch paste and enzyme solution were set up in 
batches sufficiently large to allow the frequent withdrawal of 
samples for analysis during periods of several hours. The dia- 
stase employed in this group of experiments was a preparation 
isolated from human urine by precipitation with 3 volumes of 
, alcohol. After centrifugation and decantation, the precipitate 
ms dissolved in water, subjected to dialysis against running 
water for several hours, and centrifuged to remove insoluble 
particles. Precipitation with alcohol and removal of water- 
insoluble constituents were repeated. In this manner the dia- 
stase content of large quantities of urine was concentrated in a 
small volume of water, to which 0.6 per cent NaCl was added. 
Such preparations were kept in a refrigerator for several days 
without appreciable deterioration in their activity. 

Four dilutions of a stock solution were prepared, with 0.6 per 
cent NaCl as diluent. Denoting the enzyme concentration of 
the weakest solution as C, we have termed the concentrations of 
the other three solutions 5 C, 10 C, and 50 C respectively. For 
observations of the effect of time upon the course of the reaction, 
the enzyme solution was prewarmed to 40° and mixed with an 
equal^volume of 3 per cent starch paste, also warmed in advance 
to 40° The mixture was incubated in a constant temperature 
water bath. ^ Samples for analysis were wdthdrawn at various 
intervals of time up to 3 hours. In order to stop enzyme action, 
the samples were quickly heated to about 80°, then cooled, and 
kept overmght m the refrigerator. The unliquefied residue of the 
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starch, which was considerable in the instance of the two weaker 
enzyme solutions, formed in the cold a sediment which was 
eliminated by centrifugation. In the supernatant fluid glucose, 
maltose, and reducing dextrins were determined. 

Experiment I— This experiment was executed with enzyme 
concentration C. The results, presented in Fig. 1, show that the 
hydrolytic reaction products during the first 15 minutes consisted 
entirely of non-fermentable polysaccharides. Maltose appeared 
at the end of 60 minutes, and then only in a small quantity that 
would have eluded detection without the aid of a sensitive micro- 
method; after 3 hours maltose still represented no more than 21 
per cent of the aggregate reducing power. Of glucose no trace 
appeared throughout the 3 hours. 



Fig. 1. Time curves of the saccharogenic reaction of diastase of con- 
centration C (concentration of weakest solution). 

Experiment 2 — In this experiment, in which the enzyme con- 
centration was 5 C, a different picture was unfolded. As shown 
by the curves in Fig. 2, the reducing dextrins still predominated, 
but maltose was already detectable after 15 minutes, and after 
3 hours was accountable for 38 per cent of the reducing power of 
the reaction mixture. 

In contrast to Experiment 1, glucose made its appearance in the 
3rd hour of the reaction. True, its quantity was so small that it 
could not be estimated without the use of the selective fermenta- 
tion technique and of an adequately controlled micromethod of 
sugar analysis; yet it was by no means negligible. 

Experiment 5— Further augmentation of the enzyme concentra- 
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tion eSected a further shift in the mutual relatioi^Wp of the 
reaction products. As may be seen in Fig. 3, besides reducing 
deictrins and maltose, glucose appeared quite early; namely, after 
the first half hour of the reaction. A new feature in these curv^ 
is the marked drop in the amount of reducing dextrins during the 
second half of the 3 hour period, after having reached a maximum 
between the 1st and the 2nd hour. At the end of 3 hours maltose 
became the predominant reaction product, accounting for 51 per 



Fig. 2. Time curves of the saccharogenic reaction of diastase of con- 
centration 5 C. 


cent of the aggregate reducing power. Glucose at this point 
accoimted for 6.4 per cent of the reduced copper. 

Experiment 4 — In the fourth experiment of the series, carried 
out with the highest enzyme concentration, the shift in the quan- 
titative relationship of the several reducing substances was 
greatly accentuated. Fig. 4 shows that maltose was produced 
from the beginning at only a slightly lower rate than the reducing 
dextrins; after 15 minutes, however, the rate of maltose formation 
outstripped that of the production of reducing dextrins, so that 
the quantity of the latter began to drop and continued to decline 



306 


Substrate Competition for Diastase 

^ detectable as early 

as the 15th minute of the reaction and attained well measurable 
quantities in 30 minutes. At the end of the 3 hour period maltose 
accounted for 71 per cent, glucose for about 10 per cent of the 
copper-reducing power of the reaction mixture. The shift is 
accentuated by the fact that after as brief a reaction period as 
30 minutes, 64 per cent of the reducing power was due to maltose 
and 5 per cent to glucose. 



Fig. 3. Time curves of the saccharogenic reaction of diastase of con- 
centration 10 C. 

This is perhaps an opportune place for pointing out a possible 
source of wide-spread contradictions and confusing assertions 
concerning the identity of the reaction products obtained mth 
diastases of various origin. Any investigator, working under 
the conditions of our Experiment 1 (Fig. 1), may conclude that 
the diastase involved hydrolyzes starch to reducing dextrins and 
maltose but produces no glucose at all. This conclusion could be 
drawn, however, only if the experiment were extended to at least 
3 hours; but were it terminated after a period of 30 minutes, the 
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observer could only state that the enzyme produces non ferment- 
able reducing matter exclusively. Should that obser\'er hold the 
view that dextrins are hexosans that possess no reducing power, 
he would conclude that the non-fermentable reducing matter is 
“isomaltose” and represents the sole end-product of the reaction. 
The literature is certainly replete with assertions of this kind. 



Fig. 4. Time curves of the saccharogenic reaction of diastase of con- 
centration 50 C. 


Other workers, incidentally, dealing with conditions like those 
in our Experiment 2 (Fig. 2), would be led to the conclusion that 
maltose is the end-product of the diastatic reaction and that 
glucose is not even detectable among the reaction products. 

On the basis of our four experiments, however, when they are 
considered collectively one arrives at entirely different conclusions. 
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Figs. 1 to 4 make it evident that one and the same enzyme is 
capable of producing either non-fermentable reducing substances 
(dextrins) only, or reducing dextrins plus maltose, or in addition 
to these glucose. The result is dependent upon the conditions 
that obtain in the reaction, such as enzyme concentration, reac- 
tion time, and others that need not be discussed on this occasion. 

Glucose is undoubtedly a normal product of diastatic reactions. 
The contention, commonly voiced as a self-evident fact, that 
glucose is formed by maltase, which is contained in diastase 
preparations as a contaminant, has no foundation whatsoever in 
experimental evidence. On the contrary, Sherman’s diastase 
preparations, which surpassed in purity any other product thus 
far described, did produce glucose from starch (7). It must be 
pointed out, moreover, that our diastase preparations, which do 
produce glucose from starch, invariably fail to act on maltose 
as a substrate, indicating that they do not contain maltase. 

It has been our consistent observation that glucose is invariably 
formed in diastatic reaction mixtures, but that it emerges only 
after the bulk of the unaltered starch and erythrodextrins has 
disappeared. The mother substance of glucose then is to be 
sought among the achroodextrins of rather small molecular size. 

The question arises here whether or not various he.\'osans 
(non-reducing dextrins), of the nature of Schardinger’s ciystalline 
dextrins, occur among the normal diastatic split-products of 
starch. Our observations have not furnished definite information 
on this point. As previously reported (1), fractionation of the 
reaction products yields an array of non-fermentable polysac- 
charides of variable copper-reducing power. None of these 
represents a chemical entity, since each can be further partitioned 
into several fractions, some of which possess higher, others lower 
reducing power than the mother substance. With relati^^ely low 
concentrations of alcohol and numerous reprecipitations, it is 
possible to isolate dextrins that show very low reducing power, 
so low in fact that when analyzed with moderately sensitive 
methods, the reducing power may fall wdthin the limits of technical 
errors and in consequence appear negligible. Using sensitive 
micromethods, however, we are forced to conclude that none of 
the dextrins we have analyzed can be regarded as definitely devoid 
of copper-reducing power. 
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The fact that glucose is not produced by diastase so long as 
substantial amormts of starch and erythrodextrins are present in 
the reaction mixture seems to be adequately explamed by the 
observation that diastase preferentially combines -with polysac- 
charides of colloidal structure (8) and thus becomes available for 
reactions with dextrins of smaller molecular size only after far 
reaching degradation of the colloids has been effected. Sati^ 
factory support for this concept -was obtained in experiments in 
which the enzyme concentration was kept constant while the 
concentration of the starch was varied. 


Table I 

Effect of Substrate Concentration 
Time, 30 minutes; temperature, 40“. 


Starch 

concentration 

Reducing 

dextrine 

calculated 

asxnaltodo 

Maltose 

Total rcdorins matter 

Amount 

As percentage 
m Btarcb 

pnetnl 

mg. 

mff. 

rtf. 


0.10 

32.5 

12.5 

45.0 

45.0 

0.25 

42.0 

12.0 

54.0 

21.6 

0.50 

51.2 

9.3 

60.5 

12.1 

0.75 

56.6 

8.1 

64.1 

8.5 

1.00 

hi A 


65.1 

6.5 

2.00 

hl.S 


65.0 

3.2 

3.00 

49.6 


52.7 

1.8 


In Table I is presented such an experiment. The diastase 
solution in this instance was blood plasma. Identical quantities 
of plasma were incubated with identical volumes of starch pastes, 
the starch content of which ranged from 0.1 to 3.0 per cent. As 
may be noted in the fourth column of Table I, the quantity of 
the reducing matter increases with increasing starch concentra- 
tions until the latter passes the 0.5 per cent mark; then a plateau 
of maximum reduction values pemists, followed by a drop after 
the starch concentration has exceeded 2.0 per cent. We wish to 
direct attention to the fact that w'hen augmentation of the sub- 
strate concentration increases the rate of production of reducing 
matter, maltose has no share in this increase. On the contrary, 
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the amount of maltose drops by 42 per cent (dropping to 7.2 mg. 
from 12.5 mg.), while at the same time the aggregate reducing 
power of the reaction mixture rises from 45.0 mg. to 65.0 mg., an 
increase of 44 per cent. The increment is due to reducing dex- 
trins, which show a rise from 32.5 to 57.8 mg., or 78 per cent. 

This phenomenon indicates a competition of several substrates 
for the enzyme, a competition in which diastase preferentially 
reacts with large colloidal aggregates. It selectively combines 
with unaltered starch as long as the latter presents itself in abun- 
dance, and hydrolyzes the starch to reducing dextrins. The 
greater the excess of starch in the reaction mixture, the less of the 
enzyme is available for combination and reaction with the dex- 
trins, and in consequence the smaller is the quantity of maltose 
produced. The contrast in our experiment is most conspicuous 
when the products of the reactions with 0.1 and 3.0 per cent starch 
are compared: while the amount of reducing dextrins is increased 
from 32.5 mg. to 49.6 mg. as the concentration of starch mounts, 
maltose drops from 12.5 mg. to 3.1 mg., an almost negligible 
quantity. (Here again it may be pointed out that experiments 
in which weak enzyme preparations react with large amounts of 
starch may give rise to the erroneous conclusion that the end- 
product of the reaction is a non-fermentable reducing substance, 
an “isomaltose.”) 

In this experiment glucose was produced only with 0.1 per cent 
concentration of starch, but only in a small quantity which eluded 
accurate estimation. It probably was formed at- the terminal 
phase of the reaction when the color reaction with iodine showed 
that no starch and but little of erythrodextrins were present, and 
diastase presumably became available for combination with small 
molecules of reducing dextrins. 

Effect of Dilution 

If the assumption that diastase has a general tendency to com- 
bine preferentially with larger polysaccharide molecules or colloidal 
aggregates is correct, then the fall in the rate of reaction that is 
caused by simple dilution of reaction mixtures with water should 
be greater in the production of maltose than in the production of 
reducing dextrins, and again greater in the formation of glucose 
than in that of maltose. Experiments to probe this concept 
yielded confirmatory results. 
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In Table II is presented an experiment performed -with the 
quantities of enzyme and starch constant, but ■with the reaction 
mixture dispersed in increasing volumes of fluid in order to en- 
hance the dissociation of the enzyme-substrate complexes. If 
in the conventional manner only the aggregate reducing power of 
the reaction mixtures is scrutinized, the results confirm the known 
fact that extensive dilution dimin i shes the rate of the reaction. 
4-Fold dilution had but a scarcely discernible effect in both the 
30 and the 60 minute periods, but 16-fold dilution promoted the 
dissociation of the enzjme-substrate combination to such an 
extent that it effected a distinct decrease in the rate of the reac- 
tion. 


Table II 

Effect of Dilution upon Quantitative Relationship of Reducing Substances 
Formed in Diastaiic Reactions 


The reaction mixture contained identical amounts of enzyme and of 
substrate, only in different volumes of solution; the concentration of NaCl 
was 0.3 per cent throughout. 


Heac« 

tion 

Volume 

1 of 
reaction 
mixture 

^ Glucose 

^Maltose 

Reduc- 

ing 

dextrins 

i 

, Total 

Chao£:e9 in quantity caused by 
dilution 

time 

1 matter 

1 

I 

Gluccee 

1 Maltose 

Reducing 

1 dextrins 

min, 1 


mg. 

[ UIJ. 

mg. 

mg. 

per cent 

percent 

[ percent 

30 


4.5 

29.3 

54.4 

88.2 1 

0 

0 




4.0 1 

26.1 

56.2 1 

86.3 


-11.0 




Kl 

16.2 ' 

57.6 

76.2 


—45.0 

+5.9 

60 

100 


58.2 


116.2 

0 

0 ! 



400 


53.3 

55.3 

115.1 

-17.5 

-8.4 

+10.6 


1600 

HI 

37.8 

1 59.6 


-59.0 

-35.0 

+19.2 


In the light of the results obtained by our tripartite analysis, 
however, an entirely different picture was revealed. As may be 
noted, the rate of formation of reducing dextrins not only failed 
to decline but showed a definite rise when the dilution of the reac- 
tion inixture was increased. This implies the fact that the de- 
cline in the aggregate reducing power was due to a drop in the 
combined reducing power of maltose and glucose, a drop greater 
than the rise in the reducing power of the dextrins. The figures 
given in Table II show that at the end of a reaction period of 60 
minutes, 35 per cent less maltose and 59 per cent less glucose were 
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formed when the dilution was increased 16-foId, wliile the amount 
of reducing dextrins increased by 19.2 per cent. This is a clear 
instance of substrate competition in which polysaccharides of 
larger molecular size gain preference in combining with the enzj'me, 
at the expense of the smaller split-products of starch. Increase 
in the dilution of the reaction mixture enhances the dissociation 
of the substrate-enzyme complex the more effectively, the smaller 
the molecule of the substrate. Thus, by increasing the extent of 
dilution, one increases that part of the enzyme which is available 
for reaction with the unhydrolyzed and slightly hydrolyzed col- 
loidal portion of the substrate, and in consequence the rate of the 
reaction that produces reducing dextrins is increased at the ex- 
pense of maltose and glucose formation. 

It may be noted on further inspection of the figures in Table II 
that the rate of maltose formation in all of the reaction mixtures 
was much greater in the second half hour than in the first half 
hour period of the reaction. This was undoubtedly due to 
the fact that, as the reaction progressed and the amount of undo- 
graded starch progressively diminished, increasingly larger quotas 
of the enzyme became available for reaction mth the smaller 
dextrin molecules to form maltose. 

In the second half hour a shift occurred also in the quantitative 
relationship between maltose and glucose, owing to competition 
between the maltose-forming and glucose-forming processes. In 
this competition the formation of maltose is increasingly favored 
as the dilution of the reaction mixture becomes greater. This 
fact indicates that maltose, at least the bulk of it, originates from 
larger polysaccharide molecules than does all or at least the greater 
part of the glucose. 


STJMMARy 

1. The earlier finding that, besides reducing dextrins and mal- 

tose, glucose is a normal product of diastatic reactions was re- 
affirmed. . 

2. The same diastase preparation, depending upon experimental 

conditions, may react ivith the same substrate to form (1) no other 
sugar than non-fermentable polysaccharides, or (2) non-ferment- 
able reducing substances plus maltose, where the latter appears 
as the end-product of the reaction, or (3), in addition to reducing 
dextrins and maltose, appreciable amounts of glucose. 
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3. The quantitative relationship of the three categories of 
reducing substances and the shifts in the rates of their formation 
are governed by substrate competition for the enzyme. The 
substrates involved are unaltered starch and dextrins of variable 
molecular size. In the competition for combination and reac- 
tion with diastase, preference is with the polysaccharides of larger 
molecular size. 

4. Diastatic reactions run a course represented by the following 
diagram. 

? 


Starch > erythrodextrins » achroodextrins 1 glucose 

■ > > 1 > maltose 

? 

This work was aided by a contribution from Mr, Hugo F. 
Urbauer. 
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Interest in blood diastase has greatly increased in recent years, 
mainly on accoimt of its value in clinical diagnosis. Inflamma- 
tory conditions and duct occlusions of the pancreas were long 
known to increase the diastatic activity of blood to far above the 
normal level. Myers and Killian claimed that blood diastase is 
substantially elevated in diabetes also, and deduced a sweeping 
theory from their finding (1). The inadequacy of the analytical 
method of these authors, which was pointed out in a previous 
communication from this laboratory (2), impelled us to reexamine 
the problem. 

The initial step in this work was determination of the range of 
variations of the blood diastase in healthy indi\dduals. The 
attitude often taken in clinical studies of considering hospital 
patients as normal in any relation except their particular known 
disease was avoided. The subjects in these observations were 
all people with no known disease; they were recruited from the 
ranks of the medical, nursing, and laboratory staffs, and were 
scrutinized for any detectable abnormalities. In all of the normal 
and in many of the diabetic cases, diastase determinations were 
carried out with both of our analytical methods (2). 

Since the diastase values were found to be scattered over a wide 
range, it was deemed necessary to use a fairly large number of 
subjects in order to obtain usable information. At the time these 
studies were completed some years ago, 170 subjects were exam- 
ined; since then numerous additional determinations yielded 
results which are in harmony with the earlier findings. 

The normal diastase values are graphically shown in the left 
half of Fig. 1, the horizontal bars representing the per cent dis- 
tribution of diastatic activity at various levels. It may be noted 

'This work was aided by a contribution from Mr. Hugo F. Urbauer. 
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that although the spread is considerable, 80.5 per cent of aU the 
cases fall within the range of 80 to 150. The values above 150 



Fig. 1. Contrast between healthy and diabetic individuals in regard to 
the distribution of blood diastase values over the normal and subnormal 
range. 

amount only to 2.4 per cent of the total, and none of them reaches 
200. There is a greater scattering below 80, in that 13.0 per cent 
of the cases range from 60 to 80, and 4.1 per cent are even lower. 
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of the disease when the conventional, known diagnostic pro- 
cedures fail to disclose any signs of abnormality. In line with 
this interpretation, moderately low and border line values were 
consistently found in those instances in which obesity resulting 
from overeating was a significant part of the case histories. 
Various degrees of fatty infiltration or degeneration of the liver 
in such cases are a very likely condition that may account for the 
depression of the diastatic activity of the blood and at the same 
time may play a significant part in the pathogenesis of the diabetic 
condition. 

Definitely subnormal diastase levels were always observed in 
patients in ketosis, the severity of ketosis and the depression of 
diastatic activity showing a notable parallelism. In diabetic 
coma and preceding coma, diastase values as low as 20 to 30 
were observed. 

The results of this study tend to direct attention to the r61e of 
the liver in diabetes mellitus, and bring to one’s mind pertinent 
views of well known investigators, as represented by the following 
remark of Krehl (6): "The behavior of the liver will always 
remain of great interest with respect to the various forms of 
diabetes. After having stood at one time in the center of interest, 
it is now undeservedly relegated to the background.” 

This work was aided by a contribution from Mr. Hugo F. 
Urbauer. 
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ketones, “estrone,” in extracts of human 
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Though biolo^cal methods for the determination of estrogenic 
hormones have the advantage of proving the presence of physio- 
logically active material, they have recognized limitations. • 
Callow et al. (1) have expressed the opinion that, "Biological 
assay of estrogenic activity is an unsatisfactory method of examin- 
ing the mixture, consisting of estrogens and material augmenting 
their activity, obtainable from urine.” The chemical methods of 
assaying human urine are, so far as we are aware, applicable only 
to irrine of pregnant women (2-9). Any improvement in chemical 
assay overcoming this limitation and permitting the observation 
of change in endocrine function would, therefore, be an improve- 
ment over existing methods of chemical analysis. 

The present paper reports a procedure for the determination of 
the weakly phenolic ketone (estrone) content of extracts of 
human urines. It is not concerned with the problem of obtaining 
optimal extracts. For the purposes of this study the procedure 
of hydrolysis and extraction recommended by Smith et al. (8) 
has been adopted. The purification procedure of Cohen and 
Marrian (3) has been modified to include several additional 
washings with 0.1 N alkali and to include a reducing agent (sodium 

* This work was supported by a grant from the Commonwealth Fund 
and was aided in part by grants from the Milton Fund of Harvard Univer- 
sity and the Rockefeller Foundation. 
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hydrosulfite) which fa/Cilitates the removal of non-estrogenic 
substances from the extract. The ''estrone” fraction thus ob- 
tained is further purified by the use of Girard’s Reagent T which 
separates ketonic from non-ketonic substances. The kctonic 
fraction thus obtained should theoretically contain only sub- 
stances which are weakly phenolic and at the same time ketonic. 
Thus far estrone is the only example of that type of compound 
which has been isolated from extracts of human urine. The 
assay depends upon the formation of a colored compound when 
estrone is coupled with diazotized dianisidine. This coupling 
depends upon the presence of a phenolic hydroxyl group. No 
color is obtained, therefore, with non-phenolic ketones such as the 
neutral 17-ketosteroids (androgens). Preliminary data on the 
"estrone” excretion determined by this procedure indicate that 
observed 24 hour values ranging from 0 to 600 micrograms cor- 
respond closely with the physiological status of the individuals 
studied. 


Analytical Procedure 


Reagents — ^All reagents are of c.p. grade unless otherwise 
specified. 

Petrolatum, n.s.p., used in minimal amount on stop-cocks. 
Hydrochloric acid, commercial. 

Hydrochloric acid. 

Ethyl ether, anesthetic or c.p. Baker’s analyzed anhydrous 
freshly distilled in an all-glass distilling apparatus over CaO and 


stored in a dark bottle with bright iron wire. 

10 per cent, 0,1 N and 1.0 n NaOH aqueous solutions (NaOH 
pellets) kept in Pyrex vessels. 

0.1 N Na0H-Na^S204' reagent. Prepared immediately before 
use by adding 50 cc. of 0.1 n NaOH solution to 5 gm. of Na:S204 
(J. T. Baker Chemical Company) in a 50 cc. glass-stoppered 

graduate. 

Approximately 0.5 N HCl (50 cc. of concentrated HCl diluted 
to 1 liter). 

Toluene. _ . 

2 and 20 per cent Na 2 C 03 solution, stored in a Pyrex container. 


Litmus and Congo red paper. _ ^ i 

Betaine hydrazide hydrochloride (Girard s Reagent ) ( as 
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man Kodak Company), kept in a vacuum desiccator over con- 
centrated H;S04. 

Glacial acetic acid. 

Concentrated sulfuric acid. 

Absolute alcohol. 

5 per cent sodium nitrite solution. 

5 per cent urea solution. 

Dianisidine dihydrochloride. Technical grade dianisidine 
(Eastman) is treated as follows: To 10 gm. of crude powdered 
dianisidine (m.p. 134.5-136.5°) are added 140 cc. of distilled 
water and 6 cc. of concentrated HCl. The mixture is stirred 
well and boded until all solid material is dissolved. 0.5 gm. of 
stannous chloride is added to the dark solution and boding con- 
tinued 5 minutes. To remove the sh'ght remaining color, 1.0 
gm. of norit A (Pfanstiehl) is added and the hot solution is rapidly 
filtered. To the hot filtrate 50 cc. of concentrated HCl are added. 
After cooling in an ice bath, the precipitate is filtered with the 
aid of suction. The crystals are washed once with 10 cc. of 95 
per cent ethanol and then dried over NaOH in a vacuum desicca- 
tor untd free from HCl. The resultant dianisidine dihydrochlor- 
ide is colorless and has a melting point of 283° (decomposes). 

Hiazotized chanisidine. To 25 mg. of dianisidine dihydro- 
chloride add 3 cc. of distilled water. Ivlix carefully until dis- 
solved and add 0.3 cc. of concentrated HCl. Then add 0.6 cc. 
of freshly prepared 5 per cent sodium nitrite solution and mix 
thoroughly. After a period of 5'minutes, add 0.6 cc. of a 5 per 
cent m-ea solution. Mix thoroughly and let stand 5 minutes or 
until all the bubbles of gas have come off. The reagent is then 
ready to use. It is stable for about 6 days if kept in a dark 
brown bottle at room temperature. 

CoUeclion, Hydrolysis, and Extraction of Urines — Glass-stop- 
pered containers and all-glass apparatus chemically cleaned are 
used throughout. The 24 hour urine sample is collected with 7 
cc. of commercial HCl added as a preservative. It is kept cool 
during the collection period and is hydrolyzed and extracted 
within 12 hours after completion of the collection period. 15 
volumes per cent of commercial HCl are added and the urine 
brought to a boil under an all-glass reflux condenser. After it 
has boiled exactly 10 minutes, the mixture is cooled immediately 
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under a stream of cold water. When cool, it is extracted four 
times with one-fifth the volume of ethyl ether.i The combined 
ether extracts are washed once with approximately 20 cc. of 20 
per cent NazCOs solution. The total ether extract is then evapo- 
rated to approximately 100 cc. and transferred quantitatively to 
a 250 cc. Pyrex separatory funnel. The final volume is adjusted 
to 190 cc., so that in the subsequent purification, the amount of 
air in the separatory funnel is not excessive. 

Isolation of Weakly Acidic and Phenolic Substances from Ether 
Extract The strongly acidic and phenolic substances are ex- 
tracted from the ether by washing alternately with three 25 
cc, portions of 0.1 N NaOH and two 25 cc. portions of 0.1 
N NaOH-sodium hydrosulfite reagent. In the hydrosulfite- 
alkali extractions, the separatory funnel is tightly stoppered and 
shaken thoroughly for at least 3 minutes (or until the mixture is 
yellow in color). The ether is then washed twice with 25 cc. 
portions of 0.5 n HCl and three times with 25 cc. portions of 
water. All the washings are discarded. The remaining ether 
solution is evaporated approximately to dryness and the residue 
transferred quantitatively to a clean 250 cc. separatory funnel 
with four 25 cc. portions of toluene. The weakly phenolic 
substances are extracted from the toluene with four 25 cc. 
washings of 1 n NaOH.® 

The combined 1 n NaOH extracts are made acid to Congo red 
paper (blue) with about 10 cc. of c.p. HCI and then adjusted to a 
pH that is acid to litmus and alkaline to Congo red by the addition 
of 20 per cent NaiCOs solution. This solution is cooled and 
extracted five times with 40 cc, portions of ethyl ether in a clean 

‘ The urine may be extracted with carbon tetrachloride in a 5 hour 
period with the apparatus described by Hershberg and Wolfe (10). The 
carbon tetrachloride solution* is evaporated to dryness and the residue 
transferred with 190 cc. of ethyl ether to a 250 cc. Pyrex separatory 
funnel. Following this the stated procedure for isolating the weakly acidic 
and phenolic substances is carried out. 

2 The total, a and /3 neutral 17-ketosteroids (androgens) which remain 
in the toluene may be assayed colorimetrically (11) after the toluene is 
washed three times with water, the toluene solution evaporated to dryness, 
and the residue taken up in absolute alcohol. Recovery of known amounts 
of crystalline dehydroisoandrosterone added after hydrolysis and extrac- 
tion but prior to the first 0.1 n NaOH washing has averaged 94 per cent in 
four experiments. 
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separatory fuimel. The combined ether extracts are washed 
once with 25 cc. of 0.1 N NaOH, once with 25 cc. of 0.1 N NaOH- 
NaiSjOi reagent, shaken at least 3 minutes, once with 25 cc. of 
0.1 N NaOH, twice with 25 cc. portions of 0.5 K HCl, and three 
times with 25 cc. portions of water. This purified ether extract 
is evaporated to dryness. 

Treatment with Girard’s Reagent T— The residue (light yeUow 
or brown) is transferred quantitatively with four 1 cc. portions 
of absolute alcohol to a small Pjnex vessel graduated at 4 cc. and 
fitted with a removable all-glass reflux condenser. The final 
volume of the alcoholic solution should be between 4.0 and 4.2 cc. 
0.5 cc. of glacial acetic acid and 0.5 gm. of Girard’s Reagent T 
are added to the alcohol solution. The mixture is refluxed on 
the water bath for | hour. After cooling, the mixture is trans- 
ferred with 40 cc. of ice-cold distilled water to a separatorj' funnel. 
3 cc. of 10 per cent aqueous NaOH solution are added. The 
mixture is then extracted four times with 40 cc. lots of ethyl ether. 
These ether extracts (non-ketonic fraction) are discarded. The 
remaining aqueous mixture is delivered into a flask containing 
1 cc. of concentrated H 2 SO 4 diluted with 60 cc. of distilled water. 
The acidified mixture is transferred to a clean separatory funnel. 
40 cc. of ethyl ether are added, and the mixtm-e is allowed to 
stand at room temperature for about 75 minutes. It is then 
extracted with the ether already added and with four additional 
40 cc. lots of ether. The combined ether extract is washed once 
with 25 cc. of 0.1 N NaOH and three times with 25 cc. lots of 
water. After the final water is carefully drained from the ether, 
the ether is transferred to a distilling flask and evaporated to 
drjmess. The residue (weakly phenolic ketones) is dissolved in a 
measured volume of absolute alcohol (usually 1 to 4 cc.). 

Colorimetric Assay — 0.3 cc. of the absolute alcoholic solution of 
ketones is delivered at the bottom of a 75 by 10 mm. dry test- 
tube. 0./5 cc. of 2 per cent sodium carbonate solution is then 
delivered into the tube. It is important to pipette these two 
solutions into the lower part of the test-tube without wetting the 
side walls above the level of the meniscus. 0.1 cc. of the diazo- 
tized dianisidine reagent is delivered as rapidly as -possible, and 
the mixture is immediately mixed by stirring a few seconds rrith a 
footed glass rod. After 1 minute, 0.8 cc. of toluene is delivered 
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into the tube with a 1 cc. tuberculin syringe fitted with a 19 gage 
steel needle. The tube is stoppered with a finger and shaken 
vigorously for a few seconds. A blank prepared in the same way, 
but containing no hormone, is developed in the same manner! 
The tubes are stoppered with cork and centrifuged at about 2500 
R.p.M. for 5 minutes. After centrifuging, the lower aqueous phase 
should be essentially colorless; the colored toluene layer should be 
clear and the color evenly distributed. 

0.6 cc. aliquots of the clear supernatant toluene from the tubes 
containing the blank and unknown preparations are carefully 
transferred with the tuberculin syringe to 1 cc. absorption cells 

Table I 

Single Sample Experiment Taken from Scries Establishing Proportionality 
Constant between Total Crystalline Estrone Determined in 
Sample and Amount Shown by Galvanometer Reading 


Total estrone in sample 
analyzed* 

Galvanometer reading 

K 

y 



2.5 

90 

0.0183 

5.0 

81 

0.0183 

7.5 

75 

0.0167 

10.0 

65 

0.0187 

20.0 

43 

0.0184 

30.0 

29 

0.0179 

Average 

0.0181 


* Six-eighths of this amount is read in the colorimeter; see "Analytical 
procedure.” 


of an appropriate photoelectric colorimeter.® The toluene in the 
cells should be clear and free from water droplets or precipitate. 
By means of a filter with maximum transmission at 420 my, 
range 380 to 480 my, the galvanometer with the absorption cell 
containing the blank in place is adjusted to the desired reading. 
This cell is then replaced by that containing the unknown sample, 
and the galvanometer reading of the unknown is obtained. The 
number of micrograms of weakly phenolic ketones (estrone) is 
determined by referring the galvanometer reading to a calibra- 

* We have used the Evelyn microcolorimeter with an open type absorp- 
tion cell of 1 cc. capacity and Filter 420. 
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tion c\irve in vrbich galvanometer readings are plotted against 
knovm amounts of crystalline estrone (2.5 to 30.0 micrograms). 
Or, vhen the galvanometer reading of the unknovm is set at 100, 
the micrograms of “estrone” in the sample analyzed are calculated 
from the equation C = l/K (2 - log G), where K is the con- 
stant of proportionality determined from solutions containing 
known amounts of crj-stalline estrone (see Table I) and G is the 
galvanometer reading of the unknown. 

Results 

Kg. 1 shows the extinction-wave-length curves of the colored 
compounds formed by coupling diazotized dianisidine with crys- 
talline estrone, estradiol, and two samples of "estrone” extracted 
from the urines of two pregnant women. The shapes of the four 
cun'-es are identical within the limits of experimental error. This • 
identity, the absence of estradiol from the purified ketonic frac- 
tion of the extraction procedure, and the lack of any coupling of 
the neutral ketones with the reagent indicate that the weakly 
phenolic ketones extracted from human urine and assayed b}’ 
this method are at least similar to crj^stalline estrone. 

The data obtained from a single sample experiment from among 
those carried out in establishing our calibration cun'e and con- 
stant of proportionality (K in the equation above) are presented 
in Table I. They indicate that the crystalline estrone in amounts 
ranging from 2.5 to 30 micrograms per sample analyzed may be 
determined with an error of approximately 10 per cent. The 
suggested linear proportionality between the color developed and 
the estrone concentration has been amply confirmed by many 
similar analyses. 

The data presented in Table II show an average recovery of 72 
per cent (range 60 to 88) of crystalline estrone in pure solutions 
in the purification procedure of the ether extract up to treatment 
with Girard’s Reagent T. 

The data of Table III show an average recovery of 95 per cent 
of crystalline estrone in the ketonic fraction after treatment with 
Girard s Reagent T. The data of Experiment 8 show, as might 
be expected, that the non-ketonic estradiol does not appear in 
the ketom’c fraction. The absence of any color in the blank 
analyses. Experiments 1 to 3, shows that there are no extraneous 
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chromogens m the ketonic fraction obtained from pure absolutP 
aJcohoh This is of importance, because small amounts of such 
extraneous substances may be encountered in the ketonic fraction 
of blank solutions treated with Girard’s Reagent T according to 
the procedure described previously (11), 



Fig. 1. Shape of the extinction-wave-length curves for reaction mix- 
tures containing estrone, estradiol, and urinary "estrone” extracts. # = 
estradiol, O = estrone, -f = pregnancy urine E.xtract 1, A = pregnancy 
urine E,\'tract 2. 


The data of Table IV show the recovery of crystalline estrone 
added to one-half of the crude ether extracts of hydrolyzed urines 
from preadolescent children. The hormone was added after hy- 
drolysis and extraction but prior to the first 0.1 N NaOH washing. 
The “estrone” assay of the extracts to which no crystalline estrone 
was added averaged 1.3 micrograms per 24 hour sample. The 
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recovery of estrone in the halves of the crude ether extracts con- 
taining added hormone averaged 65 per cent, vrith a range of from 
57 to 79 per cent. This agrees vdth the recoverj" in pure solutions 
of crystalline estrone in the complete purification procedure (see 
Tables II and III) where the average recoverj- was 67 per cent. 


Table II 

Recovery of Crystalline Estrone in Purification of Extracts up to Treatment 
with Girard’s Reagent T 


Erpcriment No. 

Theoretical 

(1) 

Detenoined 

1 (2) 

Ratio (2):(1) 

1 


y 

i •>' 


I 

\ 25 

20 


2 

1 50 

33 


3 

50 

30 


4 

100 

66 


5 

100 

86 


6 

200 

146 

0.73 

7 

200 

140 

0.70 

8 

200 

154 

0.77 

Average 

0.72 



Table III 

Recovery of Estrone in Ketonic Fraction after Treatment with Girard’s 

Reagent T 


Erperiment No. 

Theoretical 

(1) 

DetenoiDcd 

(2) 

Ritio (2):(1) 


T 

y 


1 

0 

0 

0 

2 

0 

0 

0 

3 

0 

0 

0 

4 

200 

179 

0.90 

5 

200 

200 

1.0 

6 

100 

94 

0.94 

7 

25 

24 

0.96 

8 

0 + 200* 

0 

0 

* Estradiol. 


The micro^ams of weakly phenoHc ketones (estrone) excreted 
per 24 hours m the urine of normal cyclic and pregnant women 
Me presented m Table Y. The relative order of magnitude of 
these ^cr Jon data corresponds with the physiological status of 
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Table IV 

Eccowry of Known Amounts of Crystalline Estrone Added to One-Halt of (k 
Crude Ether Extracts of 48 Hour Pooled Hydrolyzed Urine from 
Preadolcscent Children 


The results are expressed as total micrograms, per 24 hour sample. 


Exporimont 

Nq. 

Estrone added 

Xleorotical 

(t) 

Dolcrmined 

(2) 


I 

None 


0 



400 

400 

254 

0.64 

2 i 

None 


4 


i 

400 

404 1 

235 

0.5S 

3 

None 


0 1 



400 ; 

400 

315 ; 

0.79 

4 

None 


0 



200 

200 

131 

! 0.66 

5 

1 None 



1 


200 

200 

1 113 

0.57 

6 

None 


' 4 

1 


200 

' 204 

' 133 1 

1 0.65 


Table V 


Weakly Phenolic Ketones (Estrojp) Excreted per S4 Hours in Urines of 
Normal Cyclic and Pregnant Women 


Case No. 

Day of cycle or month 
of gestation 

Weakly phonoh'o ketones 


days 

r 

1 

5 

27 


n 

37 

i 

18 1 

39 

2 1 

5 1 

25 


11 i 

36 


18 

33 


26 

50 


1 Tno5, 

1 

3 

4 

I 420 

4 

7 

325 

5 

7 

600 

6 

7 

460 

DISCUSSION 


The Smith e,t al. (8) procedure has been employed for the hy- 
drolysis and extraction of the urine samples. They have pre- 
sented evidence which indicates that the procedure permits a 
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reasonably satisfactory recovery of estrogen. The additional 
washings with 0.1 n NaOH and 0.1 K NaOH-sodium hydrosulfite 
solution have been added to the Cohen and Marrian procedure 
(3) in order to remove substances chemically similar to quinones 
which are alkali-soluble when reduced but not when in the o^ddized 
form. The e\ddence presented indicates that the hydrosulfite 
does not injure the hormones. The h 3 ‘drochloric acid washings 
have the purpose of removing any residual hydrosulfite reagent. 
Girard's Reagent T serves to separate the ketonic estrogen, estrone, 
from the non-ketonic substances which may include estradiol 
and estriol. 

Diazotized dianisidine was chosen as the most satisfactoiy 
color reagent, from a group of stable diazonium compounds sug- 
gested by Dr. N. A. Dahlen.'* The reagent reacts to give a colored 
compound with phenohc substances. Because the neutral 17- 
ketosteroids are not phenolic, thej"^ give no color with the reagent. 
This characteristic makes dianisidine more suitable than m- 
dinitrobenzene which reacts to pve a color with any 17-keto- 
steroid. The pH range at which diazotization of estrone will 
take place has been studied. It was found that the intensity' of 
color given by' a standard amount of the hormone varied slightly 
but consistently' over a pH range of 7 to 10. The amount of 
sodium carbonate recommended gives a pH between 8 and 8.5, 
which is the range of optimal color development. A study was 
made of the other variables (amount of water, alcohol, reagent, 
and toluene), and their final proportions were selected to satisfy 
the optimal conditions. 

The toss of estrone encountered in the purification procedure is 
greater than could be desired, but being reasonably constant does 
not seriously interfere with the significance of the procedure. 

The data obtained on various types of individuals show the 
daily output of weakly phenolic ketones to he very low in normal 
preadolescent children, somewhat higher in young adult women, 
and much higher in pregnant women. In the absence of biologi- 
cal assay's, it cannot be stated with certainty at present that the 
substance measured is estrone. However, as far as we are aware, 
estrone is the only weakly phenohc ketone known to be present iii 

member, E. I. du Pont de Nemours and Company, Ino , 
Wilmington. -i 
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extracts of hydrolyzed human urine. It is clear that the values 
reported here should be compared only with colorimetric or 
biological assays in which estrone has been separated from the 
other estrogens. Such a comparison has been made with un- 
published data of Smith.^ According to her, the values reported 
here are within the limits of those obtained on subjects of corre- 
sponding physiological status by biological assay of the ketonic 
portion of the estrone fraction (8). 

SUMMARY 

The present paper reports a method for the determination of 
the weakly phenolic ketone (estrone) content of the 24 hour urine 
extracts from patients of various ages. The relative “estrone" 
values obtained correspond closely to the physiological status of 
the individuals studied. 

The authors are indebted to Dr. L. F. Fieser who made many 
valuable suggestions during the course of this investigation. Dr. 
E. Schwenck, of the Sobering Corporation, generously supplied 
the crystalline estrone and estradiol used herein. 
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STUDIES ON THE CHEMISTRY OF THE FATTY ACIDS 

VI THE APPLICATION OF CRYSTALLIZATION METHODS TO THE 
ISOLATION OF ARACHIDONIC ACID, WITH A COMPARISON OF 
THE PROPERTIES OF THIS ACID PREPARED BY CRYSTALLIZA- 
TION AND BY DEBROMINATIOH. OBSERVATIONS ON THE 
STRUCTURE OF ARACHIDONIC ACID 
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In pre\’ious work from this ]aborator>' methods have been 
developed for the direct isolation of unsaturated acids by fractional 
crj'stallization at lov temperature. By these methods it has 
been possible to prepare oleic acid of high puritj' from olive oil 
(1), linoleic acid 90 to 94 per cent pure from cottonseed and com 
oils (2, 3), and 85 to 88 per cent linolenic acid (4) from linseed and 
peiilla oils. These methods have been especially valuable, because 
for the first time it has been possible to prepare the latter tvo 
acids by a method other than the classic bromination-debromina- 
tion procedure. The jdelds by the cr 3 'stallization methods are 
high but the purity of the product is not so satisfactorj' as that 
obtained by reduction of the bromides. 

One of the principal objectives in the present investigation 
was to apply the crj'stallization procedures to the isolation of 
arachidonic acid, CioHjiOj. In a pre\'ious investigation Ault 
and Brown (5) described the preparation of methj'l arachidonate 
from the fatty acids of suprarenal phosphatide by three proce- 
dures; namely, direct fractional distillation of the methyl esters, 
the lithium soap-acetone method of Tsujunoto, and reduction 
of methj'l octabromoarachidate. 

In the present paper it is shown that methj’l arachidonate of 
/O to 1 5 per cent puritj' can be prepared bj* fractional crj'stalliza- 
tion of the methj'l esters of suprarenal phosphatides from acetone. 
Higher purity was not attainable by these methods, because 
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impure methyl arachidonate is liquid even at —80°. However 
by efficient fractional distillation of the 75 per cent product the 
purity was raised to 95 per cent. As in the cases of linoleic and 
linolenic acids, it is possible to obtain much higher jdelds of less 
pure material by the crystallization methods. In the debromina- 
tion procedure about three-fourths to four-fifths of the arachidonic 
acid is “lost” in the liquid bromides. 

The constants of three specimens of methyl arachidonate, pre- 
pared by the debromination method, are compared with five 
specimens prepared by crystallization-distillation. The former 
specimens show appreciably lower polybromide numbers than 
the latter, prepared by purely physical methods. It is concluded 
that methyl arachidonate obtained b}'' debromination is essentially 
the same compound as the ester prepared by cr5’-stallization, but 
the former does contain small amounts of an isomeric ester which 
gives a low polybromide number. 

Previous observations on the structure of arachidonic acid 
have been confined to analyses of the iodine number and mean 
molecular weight (by titration), bromine content of the methyl 
ester octabromide, and molecular weight and melting point of 
the reduced acid, arachidic. These constants definitely estab- 
lished the formula, C20H32O2, with four double bonds and a straight 
carbon chain. In this report the straight chain is further con- 
firmed by constants not only on the reduced acid but also on the 
methyl and ethyl esters of the reduced acid, all of which are in 
agreement with the constants of synthetic n-eicosanoic acid and 
its esters. The position of the double bonds in arachidonic acid 
has not been previously determined. Toyama and Tsuchiya 
(6) have isolated an eicosatetrenoic acid from sardine oil and 
have ascertained the position of its double bonds to be A-4-8-12-16. 
This structure was deduced from the products of ozonolysis 
which were exclusively succinic and butyric acids. In the present 
work the almost quantitative yields of products, b}’’ the ozonolysis 
and permanganate methods, obtained by the above investigators, 
were not obtained. From our data, it seems likely that one double 
bond is in the A-6 and another is in the A-18 position. The evi- 
dence is against the presence of double bonds in the A-9-12 posi- 
tions as in linoleic and linolenic acids. There is some evidence 
based on the diene number that the methyl arachidonate prepared 
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by debromination contains at least 5 per cent of conjugated bonds. 
This fact would support the \dew that the ester is a nuxture of at 
least two compounds, one of which contains conjugated unsatura- 
tion. The thiocyanogen munber of methyl arachidonate is one- 
half the iodine number. 

Although our data on the position of the double bonds are far 
from presenting a complete storj', we include them here as a pr^ 
liminarj' report-, in \-iew of the biological interest in arachidonic 
acid and because it does not seem possible to complete this work 
for some time. 


EXPERIMENTAL 

Preparation of Esters— The raw material used in this work was 
the phosphatide fraction of the lipids of beef suprarenals, the 
fatty acids of which have been shown to contain about 20 per cent 
of arachidonic acid (5), which was kindly furnished us by Dr. 
Oliver Kamm of Parke, Da^•is and Company. The pbosphatides 
were converted into methyl esters by direct alcoholysis as de- 
scribed by Shinowara and Brown (7). 

Crystallization Experiments— Vfe have carried out a large num- 
ber of crystallization experiments, starting with both acids and 
methyl esters. The fatty acids, having higher melting points, 
are more adapted to crj'stallization procedures, but it is more 
advantageous to use the esters, because the resultant products 
may be directly distilled without danger of serious alteration. 
It is to be noted that, unlike pre\-ious work with oleic, linoleic, 
and linolenic acids, crj’stallization procedures for arachidonic 
acid or its methyl ester are limited by the fact that the desired 
product is a liquid at —80° and thus is always carried over into 
the final filtrate. The following general procedure will result in 
a product containing 70 to 75 per cent methyl arachidonate. 

A 7 to 10 per cent solution of the esters in acetone is allowed 
to stand overnight at —20°. The crystals, containing most of 
the saturated esters, are filtered o5 with suction. If desired, 
they may be again dissolved and reciystallized and the two filtrates 
combined. The filtrate is cooled in a bath of drj' ice and methjd 
alcohol to -70°. The ciystals, containing most of the methyl 
oleate, are again filtered with suction in the -20° room as rapidly 
as possible. The filtrate, containing esters which are 50 to 60 
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per cent methyl arachidonate, is concentrated to about one-fourtli 
its original volume and again cooled to -70° and filtered. The 
final filtrate contains 70 to 75 per cent arachidonate. So far we 
have been unable to obtain a product of higher purity crystalli- 
zation methods alone, but by fractional distillation it is not difficult 
to increase the purity to 90 to 95 per cent. 

In the work which follows there are described briefly the results 
of four crystallization-distillation experiments and in addition 
two preparations of methyl arachidonate by the debromination 
procedure. 

Experiment 1 — 800 gm. of esters in 12 liters of acetone were 
cooled to —20°, filtered, and the precipitate recrystallized from 
8 liters of acetone at the same temperature. Yield, 325 gm. 
of crystals; iodine number, 4.2. The combined filtrates were 
reduced in volume to 10 liters and cooled to —65°. An additional 
243 gm. of precipitate were filtered off. The esters of the filtrate 
contained 56 per cent methyl arachidonate. One crystallization 
of 175 gm. of these esters in 800 ec. of acetone at —75° gave 100 
gm. of 70 per cent product. This was distilled, the fraction coming 
over at 190-205° at 3 mm. amounting to 20 gm. (84.6 per cent 
methyl arachidonate). It is further described in Table I. 

Experiment II — 2 kilos of esters (polybromide number, 20.2) 
were made up to 24 liters in acetone and directly cooled to -70°. 
The crystals were recrystallized from 16 liters of acetone at the 
same temperature. The combined filtrates contained 660 gm. 
(iodine number, 192.5; polybromide number, 42). 640 gm. of 
this product were cooled to —75° in 3000 cc. of acetone. Yield, 
325 gm. of crystals; iodine number, 168; polybromide number, 28. 
Yield, 315 gm. of filtrate esters; iodine number, 260. Fractional 
distillation of 270 gm. of this material at 1 mm. from a Claisen 
flask with a 25 cm. indented side arm gave three fractions as 
follows: 


Fraction No, 

B.p. 

Weight 

I No, 

Polybromido 

No. 


— ^ — — 

°C. 

firm. 



1 

Below 175 

170 

229.1 

40.1 

2 

175-195 

86 

296.2 

79.2 

3 

Above 195 

8 

306.2 

86.2 
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Fractions 2 and 3, containing 91.5 and 99.5 per cent methyl 
arachidonate respectively, are described further in Table I. 

Experiment III — From several crystallization experiments, not 
described here, there -was available a considerable quantity of 

Table I 


Analytical Data on Methyl Arachidonate Prepared ly Different Methods 



Hean 

moL 

wt. 


lodiiie 

No. 

Polybromide 

No. 


Per cent purity 
from 

Specimen 

na 


On 100 
percent 
basis 

cyano- 
gen No. 

Iodine 

No. 

Poly* 

bro- 

mide 

No. 

1. Crystallization- 

distillation, 
Experiment I. 

2, Same, Experi- 

ment II, Frac- 

313.7 


289.3 

84.6 

97.7 


87.5 

97.8 

tion 2 

3. Same, Experi- 
ment II, Frac' 

315.2 

1-4800 

296.2 

79.2 

87.0 


91.0 

91.5 

tion 3 

4. Same, Experi- 

317.7 

1.4845 

306.2 

86.2 

90.7 


95.0 

99.5 

ment III 

5. Same, Experi- 

316.5 

1.4812 

300.3 

80.0 

87.0 


92.0 

92.0 

ment IV 

6. Reduction, Ex- 

317.2 

1.4815 

306.0 

86.3 

91.4 

159.0 

94.4 

99.8 

periment V . . . 
7. Reduction, Ex- 

318.0 

1.4824 

319.0 

86.3 

86.3 

161.1 

100.0 

100.0 

periment VI . . 
8. Reduction ol 

315.8 

1.4823 

312.8 

84.1 

86.3 


97.5 

97.5 

bromides* 

9. Lithium soap- 

318.8 

1.4723 

316.9 

86.5 

86.6 


99.5 

100.0 

acetone* 

10. Fractional dis- 

319.2 


286.2 

76.2 

88.0 


86.0 

88.2 

tillation* .... 
Theory 

311. E 
318. ( 


261.8 

319.0 

74.4 

99.0 

159.5t 

75.6 

86.0 


* From Ault and Brown (5). 
t For two double bonds. 


75 per cent methyl arachidonate. 370 gm. of this material rrere 
fractionated once through a special 25 mm. vacuum-jacketed 
column, 75 cm. long. The fraction coming over at 170-172° 
at 0.5 mm., amounting to 145 gm., gave an iodine number of 
300.3 (see Table I). 
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Experiment /7— There were available 135 gm. of estere nith 
an iodine number of 300.6 and 70 gm. with an iodine number of 
302.4. These were combined and redistilled in the column d^ 
scribed in Experiment III. The 157.5-160° fraction, 145 gm 
gave an iodine number of 306.0 (see Table I). ' 

Experiment^ 7—2330 gm. of distilled methyl esters obtained 
from various intermediate crystallization fractions and containing 
26.5 per cent methyl arachidonate as calculated from the pol}- 
bromide number were dissolved in 11 liters of ether and brominnted 
at 0°. The octabromides were washed six times by decantation 
with ether at 0°; yield, 516 gm.; m.p., 228.5-229.5° (uncorrected); 
bromine, 66.6 per cent (theory, 66.7). 

410 gm. of the bromides were suspended in 1.5 liters of boiling 
methanol and reduced with zinc for 24 hours. The yield of tlie 
distilled product was 92 gm. (70 per cent of theory) (see Table I). 

Experiment VI — 52 gm. of methyl arachidonate were obt.nine(l 
by the bromination-debromination method from 1750 gm. of 
original estei-s (polybromide number, 18.2) (see Table I). 

DISCUSSION 

In Table I the analytical constants of five of the crystallization- 
distillation preparations are compared mth those of methyl 
arachidonate obtained by debromination and by other metiiods. 

Purities in Table I are calculated from the iodine numbers, 
assuming the specimens to be mixtures of methyl arachidonate 
and oleate. Since it is possible that the impurity is not entirely 
methyl oleate but may consist in part of some saturated esters, 
we believe the per cent purity as calculated from the iodine number 
is low. Purity was calculated from the polybroraide number by 
the method of Ault and Brown (5). The data are interesting 
from a number of \'iew-points. 

Yield — ^By the bromination method it is possible to prepare 
about 80 to 90 gm. of pure ester from 1850 gm. of phosphatide 
esters. This represents less than one-fourth the total amount 
present, the remainder being lost principally as soluble octa- 
bromides. In constrast to these results in Experiment I there 
were obtained 100 gm. of 70 per cent methyl arachidonate from 
800 gm. of esters and, in Experiment II, 315 gm. of 75 per cent 
product from 2 kilos of the esters. In addition to these products 
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it -svould not be difficnit to obtain from tbe discarded fractions 
additional amounts of the desired ester by repeating the crystal- 
lization-distillation procedures. An efficient application of these 
methods therefore would result in the isolation of something 
approaching the theoretical amount of methyl arachidonate 
present. On the other hand the purity could not equal that of 
the debromination product. 

Identity of Products Obtained by the Two Procedures — ^The purities 
as calculated from the iodine and polybromide numbers show 
satisfactory agreement in all specimens except Nos. 1 and 10. 
Also, when the per cent purity, calculated from the iodine number, 
is used to correct the polybromide number to 100 per cent purity, 
the results show an average of 90.7 for the five crystallization 
specimens and 86.4 for the three reduction specimens of methyl 
arachidonate. We believe that these are significant but not 
fundamental differences, which may be explained as follows; The 
arachidordc acid in the original esters, and probably also in the 
original phosphatides, is a single acid which is the product isolated 
by the physical methods employed, crystallization and distilla- 
tion. The ester obtained by bromide reduction, on the other 
hand, is a mixture of this ori^al compound with small amounts 
of isomeric arachidonic acids which give a lower or possibly a 
zero polybromide nvunber. Assuming the impurity to be a com- 
pound giving a zero polybromide number, it must be present 
to the amount of about 5 per cent to account for the difference 
noted. We have obtained similar results and have drami similar 
conclusions in work in this laboratorj’’ on linoleic and linolenic 
acids. Apparently, debromination of the several bromides of the 
unsaturated acids is accompanied by isomerization, either of the 
cis-trans or double bond position type. 

Thiocyanogen Number — The thioeyanogen numbers of the two 
specimens tested were 159.0 and 161.1 (theory, 159.5 for two 
double bonds). Thiocyanogen reacts practically quantitatively 
with two of the four double bonds of arachidonic acid (25°). 

Preliminary Observations on Structure of Arachidonic Acid 

Previous work on the structure of arachidonic acid has shown 
that it is a straight chain eicosatetrenoic acid, C 20 H 32 O 2 . In 
the present work further evidence for the straight chain structure 
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IS presented; also preliminary attempts to locate the nositinn 
of the double bonds are described. 

Hydrogenation of Methyl Arochzdona^e— Methyl arachidonnte 
(Specimen 5, Table I) was hydrogenated in a Burgess-Parr ap- 
paratus. From the resulting methyl arachidate the free acid and 
the ethyl ester were prepared. Molecular weights and melting 
points are given in Table II. 

Diene Number — ^For the determination of the diene number, 
which is a measure of conjugated double bonds, the authors are 
indebted to Dr. K. S. Markley of the United States Regional 
Soybean Industrial Products Laboratory, Urbana, Illinois. The 
diene numbers of methyl arachidonate for the crystallization 
Specimen 5 and the debromination Specimen 6 were 9.1 and 7.9 
respectively. Dr. Markley interprets these numbers to indicate 

Table II 


Analytical Data on Arachidic Acid and Its Methyl and Ethyl Esters, Prcpam 
from Methyl Arachidonate 



Arocbidio acid 

Methyl ester 

Ethyl ester 

Mol. wt., theory 

312.3 

326.3 

340.3 

” “ found 

312.6 

326.7 

340.1 

M.p., °C 

76.3-77.0 

46-47 

42.0-42,1 

“ n-eicosanoic acid (8), °C. 

76 -77 

46-47 

41.5-42.5 

“ arachidic acid (9), °C... 

77 

64.5 

50 


that about 5 per cent of the double bonds in these products ii 
conjugated. This may mean that the ester is a mixture of twi 
isomeric acids, or that under the conditions of the diene numhc 
determination part of the ester rearranges into a conjugated con 
figuration. 

Ozonolysis and Acetone-Permanganate Oxidation — Attempts ti 
locate the position of the double bonds in meth}'! arachidonati 
were confined to six ozonolysis and three acetone-permanganat 
oxidations. This latter method as described by Collins an( 
Hilditch (10) was successfully used by Haworth (11) for deter 
mining the structure of linoleic acid. The almost theorctica 
yields of fragments obtained by Toyama and Tsuchiya (6) fo 
sardine oil eicosatetrenoic acid were not obtained in any of ou 
experiments. These investigators isolated butyric and succinii 
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acids in quantitative amounts. Since our work is inconclumve, 
vre will report brieflj- only the facts which seem at present justified 

our data. 

1. Acetaldehj’de was identified in two ozonolysis experiments. 
The volatile decomposition products, which were collected in 
cold water, gave a strongly positive Schiff’s test; the 2,4-dinitro- 
phenylhydrazone and the p-nitrophenylhydrazone melted at 
164° and 126.5° respectively. The melting points of the pure 
acetaldehyde derivatives are 164° and 127.5°. The fragment 
CB^s — CH= is therefore present, indicating a A-18 double bond. 

2. The =CH — CHj— CH=== fragment is probably not present. 
Decomposition of the ozonide with hot HjOj solution failed to 
produce more than traces of COj. If the above 3-C fragment 
had been produced, COj would have resulted from decomposition 
of malonic acid. 

3. Oxalic acid which might have originated from decomposition 
of malonic acid or from the =CH — CH== fragment could not be 
isolated although careful search was made. 

4. Azelaic acid, resulting from the =CH(CH 5 ) 7 CH= or 
=CH — (CHs)! — COOH fragments, was not found although it 
was easily isolated in control experiments on oleic and linoleic 
acids. It is concluded that the first double bond is closer to the 
carboxjd than the A-9 position. 

5. Succinic acid was definitely identified in one ozonolysis 

experiment following H 2 O 2 oxidation. The acid melted at 185° 
(m.p. of succinic acid, 189-190°). The barium salt contained 
54.4 per cent Ba (theory, 54.2 per cent). Either fragment 
=CH (CHnjT — CH= or =CH — (CH 2 ) 2 — COOH is therefore 
present. ' 

6. In two experiments adipic acid, CeHioO<, was definitely 
isolated and identified; m.p., 154° (m.p. of adipic acid, 151-153°); 
neutrahzation equivalent, 69,9 (calculated 73.0). 

As a result of this work it seems that the formula must be 
represented by one CHj— CH=, three =CH— (CH 2 ) 2 — CH— 
and one =CH — (CH2)4 — CH= fragments. We favor A-6 as 
the position of the first double bond, because arachidonic acid 
gives a theoretical iodine number. It would appear that a A-4 
double bond would add IBr or ICl slowly. We suggest, therefore 
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that the arachidonic acid occurring in adrenal phosphatides is 
A-6-10-14-18-eicosatetrenoic acid. 

CHj— CH=CH— (CH2 )s~CH=CH— (CH j):— CH=CH— (CH.)— 
CH=CH— (CH2)4-C00H 

^ We feel, however, that until we can isolate nearij' the theoretical 
yield of products from a single experiment the above formula 
must be considered as tentative. It is to be observed that none 
of the double bonds is in the interesting 9-12 position as in linoleic 
and linolenic acids, the other two essential fatty acids. This 
work is being continued. 


SUMMARY 

1. Crystallization procedures at low temperature have been 
applied to the methyl esters of adrenal phosphatides. The 
methyl arachidonate, contained therein, has been concentrated 
to 70 to 76 per cent by these procedures. 

2. Five preparations of methyl arachidonate, 87.5 to 95 per 
cent pure, prepared bj'' crystallization and distillation have been 
analyzed and compared with three purer specimens prepared 
by reduction of metlyd octabromoarachidate. 

3. The polybromide numbers of the crystallization-distillation 
specimens averaged 90.7 as compared to 86.3 for the debiornina- 
tion specimens. The significance of these results is discussed. 

4. Preliminary data on the structure of arachidonic acid arc 
reported and a tentative structure proposed. 

BlBIilOGRAPHY 

1. Brown, J. B., and Shinowara, G. Y., J. A 771 . Cfievi. Soc., 69, 0 (1937). 

2. Brown, J. B., and Stoner, G. C., J. A?n. C/iem. Soc., 69, 3 (1937). 

3. Brown, J. B., and Frankel, J., J. Ain, Chem. Soc., 60, 54 (1938). 

4. Shinowara, G. Y., and Brown, J. B,, J. Am. Chem. Soc., 60, 2734 (1938). 

5. Ault, W. C., and Brown, J. B., J. Biol. Chem., 107, 615 (1934). 

6. Toyama, Y., and Tsuchiya, T., BvU. Chem. Soc. Japan, 10, 296 (1935). 

7. Shinowara, G. Y., and Brown, J. B., Oil and Soap, 16, 151 (1938). 

8. Levene, P. A., and Taylor, F. A., J. Biol. Chem., 69 , 905 (1924). 

9. Lewkowitsch, J., Chemical technology and analysis of oils, fats and 

waxes, London, 6th edition (1921), 

10. Collins, G., and Hilditch, T. P., J. Soc. Chem. Ind., 47, 261 (1928). 

11. Haworth, R. D., J. Chem. Soc., 1456 (1929). 



THE EFFECT OF ASCORBIC ACID* ON IMINAZOLE 
RINGS AND ALLIED SUBSTANCES IN VIVO 

Bt I. J. GREENBLATT and A. PECKER 
(From the Coney Island Hospital Pathological Laboratory, Brooklyn) 
(Received for jbublication, March 8, 1940) 

The decomposition of nitrogenous compounds (iminazoles, 
purines, amino acids, etc.) in vitro bj' ascorbic acid has been ex- 
tensivelj’^ investigated bj' Edibacher and von Segesser (1), and to a 
lesser degree by Holtz and Triem (2). In all cases, the compounds 
under investigation vere dissolved in phosphate buffer together 
with stated amounts of ascorbic acid. To facilitate the decom- 
position and to aid in the collection of the ammonia liberated, a 
stream of oxygen was passed through the solution, the temperature 
remaining constant. By determining the amount of ammonia 
evolved during the reaction, the decomposition of the nitrogenous 
substances was measured. 

In this paper an attempt to study the decomposition of 
iminazoles and purines by ascorbic acid in vivo is described. 
Because of the limitations of specific and sensitive chemical tests 
for these compounds, onlj' thioneine, uric acid, and histamine 
were studied. Uric acid was estimated by Folin’s procedure (3), 
thioneine by the method of Hunter (4). Histamine was measured 
by its hormone-like action on the HCl in the gastric secretion, on 
the assumption that histamine is the activator of HCl in the 
gastric juice. Urea nitrogen was determined because of the 
possibility of formation of ammonia, which would be converted 
to urea nitrogen in vivo. 


EXPERIMENTAL 

In Vitro Since neither group of investigators had studied the 
action of ascorbic acid on thioneine in vitro, it was deemed neces- 

* The ascorbic acid used in these experiments was generously supplied 
by E. R. Squibb and Sons and in part by Hoffmann-La Roche and Com- 
pany, A. G. 
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sary to perform this experiment prior to any in vivo studies Usm 
a technique similar to that of Edlbacher and von Segesscr we 
observed that at the end of 9 hours 14.3 mg. of N were evoh^ed as 
ammonia from 100 mg. of thioneine. The technique of Holtz 
and Triem gave results in the same order of magnitude, but tlic 
decomposition was much slower. There was little change in the 
decomposition after the 9th hour, although the reaction was kept 
going for 24 hours. 

Experiments on HmmaZs— Rabbits of both sexes weighing 2.5 
to 3.0 kilos were used. One group received 50 mg. of ascorbic 
acid per kilo, in 5 cc. of water, intravenously. 0.2 mg. of iron as 


Table I 

Effect of Ascorbic Acid on Blood Thioneine of Rabbits and Guinea Pigs 
• The values are given in mg. per cent. 


No. o! 
animals 

Before 

administra- 

tion 

After administration 

i hr. 

i hr. 

2 hrs. 

i hrs. 

8 hrs. 

21 hrs. 

Rabbits 

21* 

1 

i 7.3 

7.8 

7.9 

' 7.6 

' 7.0 

' 7.3 1 

1 8.2 

16t 

7.9 

8.2 

7.9 

1 

1 8.5 

' 7.4 

' 1 

1 8.1 


Guinea pigs 


28* 

8.7 

9.3 

8.2 

8.3 1 

8.9 , 

9.4 

1 9.8 

17t 

8.1 

8.1 

1 

1 8.8 

1 

8.0 j 

8.6 

9.0 

1 8.3 


* Ascorbic acid administered. 

t Ascorbic acid + 0.2 mg. of iron (as ferric ammonium citrate), 
t Ascorbic acid + 0.1 mg. of iron (as ferric ammonium citrate). 


ferric ammonium citrate was given to the other group in addition 
to the ascorbic acid. The solutions were prepared just before 
use and sterilized by Berkefeld filtration. All food was withheld 
from the animals 7 hours before the experiment. Only water and 
excelsior were in the cages during the 34 hour experimental 
period. Blood was obtained by the intracardial route and was 
divided into three parts. The portion used for thioneine deter- 
minations was deproteinized with tungstomolybdic acid according 
to the method of Benedict and Newton (5). The portion for 
uric acid studies was freed of protein by tungstic acid. The 
remaining blood was used for urea nitrogen determinations (6). 
This procedure was used throughout the entire experiment. As 
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determined by tbe Hunter procedure, there was no great variation 
in the blood thioneine of the individual animals, so only the 
average group figures are presented in Table I. 

Guinea pigs of both sexes, weighing 275 to 375 gm., were kept 
under the same emdronmental conditions as the rabbits. They 
were divided into two groups, one of which received 25 mg. of 
ascorbic acid in 2 cc. of sterile water intraperitoneally, and the 
other an equal amount of the acid plus 0.1 mg. of iron. Nineteen 
animals died during the course of the experiment owing to muner- 
ous bleedings. Urea nitrogen and uric acid were not determined 
in either the guinea pigs or rabbits because of the difliculty en- 
countered in obtaining sufficient blood. As in the previous experi- 
ment, there was but slight variation in the findings from animal 
to animal and, consequently, only the average figures are pre- 
sented in Table I. 

Table II 


Effect of Ascorbic Acid on Blood Components and Gastric HCl in Humans 


Time, firs 

0 

1 

4 

1 

3 

5 

24 


Blood thioneine, mg. %. . . 

5.2 

5.6 

5.7 

5.0 

5.9 

5.4 


" urea N, mg. % 

12.0 

12.2 

11.5 

13.2 

12.0 

13.0 


“ uric acid, mg. % 

2.4 

2.4 

3.0 

2.9 

2.6 

2.5 


Time, hrs 

0 

1 

1 ' 

4 ' 

I 

1 

2* 

1 

2i ! 

4 

Gastric free HCl, units 

17 

24 

30 

25 

29 

59 

21 

" total “ “ .... 

28 

31 

39 

37 

38 

70 

30 


* 1 nig. of histamine hydrochloride was administered intramuscularly. 


Experimenfs on Humans — ^The fourteen subjects selected for 
the investigation were all males between the ages of 19 and 35 
years. The Rehfuss tube was passed into the stomach of the 
fasting subject. Specimens of gastric juice and blood were taken 
before and at stated intervals after the intravenous administration 
of ascorbic acid. At the end of a 2 hour period, 1 mg. of histamine 
hydrochloride was given parenterally to determine whether its 
effect would he modified by the previously administered ascorbic 
acid. Since Potter and Franke (7) demonstrated the exogenous 
source of thioneine in animals, foods low in thioneine precursors 
were ingested between the 5 and 24 hour periods. 

The average figures in Table II indicate that the action of 
histamine was not modffied. HCl is reported in the customary 
units. 
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^ Seven members of the original group of fourteen men were 
given -2.5 mg. of iron as ferric ammonium citrate in addition to 
the ascorbic acid. The results were of the same order of magni- 
tude as with subjects not receiving any intravenous iron and are 
therefore omitted. As measured by the gastric acidity, histamine 
hydrochloride parenterally administered was unaffected in action. 

DISCUSSION 

It appears from the data that comparative!}’’ large amounts 
of ascorbic acid injected intravenously in man and rabbit, and 
intraperitoneally in the guinea pig, leave the iminazole ring of 
thioneine and the purine ring of blood uric acid untouched. If 
any appreciable deamination took place in the numerous nitrogen- 
ous compounds in the blood, detectable changes above those due 
to technique would have been observed in the urea nitrogen 
determinations. No such changes were found. 


We wish to thank Dr. Harold Fink, pathologist, and Mr. H. C. 
McCall for helping to make this work possible. 


SUMMAKY 

The iminazole ring of thioneine is split hydrolytically, tn vitro, 
by ascorbic acid. 

Blood thioneine of guinea pigs, man, and rabbit is unaffected 
by ascorbic acid in vivo. Blood uric acid in man is also unaffected. 

The iminazole ring of histamine is probably untouched by 
ascorbic acid in vivo, as measured by its hormone-like effect on 
the gastric secretion of HCl. 
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ELECTROLYTE AKD WATER EQUILIBRIA IN THE DOG 

I. EQUILIBRIA IN THE BLOOD IN ADRENAL INSUFFICIENCY 

Br EDWARD MUNTWYLER, ROBERT C. MELLORS, and 
FREDERICK R. MATJTZ 

(From the Departments of Bioehemistry and Surgery, School of Medicine, 
Western Reserve University, Cleveland) 

(Received for publication, February 23, 1940) 

Many workers have been interested in deter minin g the electro- 
lyte and water equilibria of the body in nonnal individuals and 
also in observing the mechanisms of adjustment following dis- 
turbances encountered in disease or following disturbances pro- 
duced by various experimental procedures. In 1932 Loeb (1) 
made the important observation that a marked lowering of the 
serum sodium occurs in the crises of Addison’s disease. A short 
time later Loeb, Atchley, Benedict, and Leland (2) and Harrop 
and his coworkers (3, 4) observ^ed the same change following double 
adrenalectomy in dogs and formd it to be associated with a negative 
sodium balance. Among other electrolyte and water disturbances 
noted were decreases in serum chloride and bicarbonate, an 
elevation of serum potassium, and hemoconcentration. Subse- 
quent to this work numerous publications have appeared dealing 
with the influence of the adrenal cortex on various phases of the 
metabolism of salt and water of the body. 

The previous studies on dogs have indicated that rather marked 
electrolyte and water disturbances of the blood may be encoun- 
tered in adrenal insufficiency. This fact aroused our interest in 
determining whether or not the physicochemical laws which have 
been established for normal conditions (5) also held under such 
circumstances. Consequently the experiments included in this 
paper were undertaken for the following purposes; (1) to obtain 
further information regarding the extent of the electrolyte and 
■water changes of the blood of dogs in adrenal insufficiency; (2) 
to observe whether the distribution of electrolytes between serum 
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and cells is in accordance with the Gibbs-Donnan law; and (3) 
to observe the changes in the equilibria between serum and cells 
of dogs in adrenal insufficiency following the injection of cortical 
extract alone. 

To conseiwe space only the literature dealing with studies on 
dogs or literature having a direct bearing upon the present prob- 
lems will be cited. 


Methods and Calculations 

Adult dogs were used in this study and were placed on a const.ant 
diet for at least 2 weeks before the experiments were undertaken. 
Aside from four dogs, which received Purina Dog Chow, the diet 
(high in sodium, low in potassium) suggested by Nilson ( 6 ) was 
employed. The control blood was withdrawn under oil from the 
femoral artery 24 hours after the last feeding and placed under oil 
in two special centrifuge tubes containing heparin to prevent 
clotting. The blood in the one tube served for the whole blood 
analyses. The second tube was immediately centrifuged for 10 
minutes and the larger part of the serum was withdrawn and 
stored under oil for analyses. After the remaining serum had boon 
removed and discarded, the tube was centrifuged again for 1 hour 
at a high rate. The contents of the latter served for the coll 
analyses, after any remaining serum had been carefully withdrawn. 

The adrenals were removed in two stages and the animals were 
kept in a normal condition for a number of days following the 
second operation with the aid of cortical extract.* The dogs were 
allowed to regress into insufficiency by discontinuing the extract 
and by reducing the sodium chloride intake (and in most instances 
by also including 0.5 gm. of KH 2 PO 4 daily in the diet). The e.x- 
perimental arterial blood was obtained from animals showing 
rather marked insufficiency and was treated as outlined above. 
A brief description of the experiments in which animals in adrenal 
insufficiency were treated with cortical extract will be given later. 

The serum was analyzed for pH,, water, chloride, carbon 
dioxide content, total protein, sodium, and potassium. The wiiolc 
blood was analyzed for oxygen and carbon dioxide content, oxj^gen 

1 The authors are indebted to Parke, Davis and Company and to The 
Upjohn Company for the cortical extract employed in these experiments 
and those reported in Paper II (7). 
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capacity, cell volume, vrater, chloride, sodium, and potassium. 
The cells were analyzed for water, chloride, sodium, and potassium. 

For the sodium and potassium determinations weighed samples 
(between 5 and 6 gm.) were dried to constant weight at a tempera- 
ture of 105-110°, and ashed in the same manner as described by 
Cullen and Wilkins (8) for tissues. After treatment in the muffle 
furnace, the ash was dissolved in hot water, and the volume brought 
to 25 cc. Following filtration, sufficient solution was obtained to 
make duplicate determinations of sodium by the Butler and Tut- 
hill (9) method and of potassium by the cobaltinitrite technique 
(10). All the other analyses were performed in duplicate in 
essentially the same manner as described elsewhere (11). Ex- 
cept for a relatively few instances, the pH. was determined by 
means of the hydrogen electrode at 38°, and, when it was neces- 
sary to employ the colorimetric method, a colorimetric correction 
of 0.30 pH was used (12). 

The bicarbonate content of the cells was calculated indirectly 
from the whole blood and serum values and the cell volume. The 
chloride, sodium, and potassium contents of the cells were ob- 
tained both by direct and indirect analysis. With either method 
the cell chloride and the cell sodium concentrations usually agreed 
very well, but when any significant deviation was encountered the 
value for the direct determination was recorded. In the case of 
the cell potassium the agreement was not so consistent and the 
discrepancy was not entirely regular. Consequently, the values 
for cell potassium which are reported represent averages of the 
two determinations in each instance. The base bound by the 
serum protein was calculated by the equation of Van Slyke, 
Hastings, Hiller, and Sendroy (13) and the base bound by the 
cell hemoglobin was calculated by the equation of Van Slyke, Wu, 
and McLean (5). The distribution ratios rCI and rHCOj were 
corrected for incomplete o.vygenation of the blood as described by 
Hastings, Sendroy, McIntosh, and Van Slyke (14). The latter 
represented only a small correction, since arterial blood was 
employed. 


experimental 

Eleclrolyie and Water Distribution in Normal Blood~A summary 
of the data obtained from the analysis of the serum and cells of 
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twenty-four normal dogs is given in Table I, The acid-base 
equilibria of the two phases are on the whole similar to those 
reported by Dill, Edwards, Florkin, and Campbell (15), The 
range for the serum sodium is in agreement with that reported 
by Hastings and Eichelberger (16). Yannet, Darrow, and Caij’ 
(17) found the mean values for the sodium of serum and cells in 

Table 1 


Electrolyte and Water Content of Serum atid Cells of Twenty-Four 

iVortnai Pogs 



Seram 

[ Erythrocytes 

Mean 

Max- 

imum 

Min- 
im um 

■ 

Mean 

Max- 

imum 

Min- 

imum 

ff 

Water* 

917.6 

926 

912 

3.6 

652.8 


643 


pH 

7.42 

7,5 

7.3 

0.06 





BGlif 

UT.2 

121 

114 

2.2 



76 

2.7 

BHCOjj 

23.1 

28 

18 

2.4 

18.0 


15 

1.8 

BPrt 

16.3 

19 

14 

1.1 

63t 

77 

49 

mm 

Determined acidf. • 

156.6 

161 

153 

2.4 

162. 2t 

176 

143 

7.8 

Nat 

155.9 

160 

152 

2.2 

145.0 

152 

135 

4.3 

Kt 

3.5 

5 

2 

0.5 

8.9t 

12 

6 

1.1 

Determined basef. ■ 

159.4 

164 

156 

2.2 

153. 8t 

159 

143 

4.0 

Base minus acidf. . 

2.8 

10 

-3 

3.1 

-8.4J 

~22 

14 

9.2 

Prnt,f‘i'n§ 

6.3 

7 

5 

0.3 





Cell volume 11 





49.4 

60 

32 

4.D 

rCl 





0.682 

0.73 

0.66 

0.016 

rHCOa 





0.770 

0.85 

0.71 

0.041 


<r = standard deviation, 

* Gm. per kilo. 

t MilHequivalents per kilo of water, 
t Based upon twenty-three observations, 

§ Gm. per IQO cc. 
j[ Cc. per 100 cc, 

thirty-nine observations to be 155.3 d= 10.2 and 142.6 ± 12.2 
milliequivalents per kilo of water, respectively. The latter 
values are in close agreement with the mean values for senun and 
cells, namely 155.9 i: 2.2 and 145.0 i 4.3 milliequivalents per 
kilo of water, respectively, found in the present senes. 1 e 
value 3.5 d; 0.5 milliequivalents per kilo of water for serum 
potassium given in Table I is somewhat lower than that found by 











349 


Muntwyler, Mellors, and Mautz 

Hastings and Eichelberger (16), McIntyre (18), and others. The 
explanation for this difference is not entirely clear; hovrever, it 
might be pointed out that the animals employed in the pr^ent 
study were receiving a low potassium diet. The cell potassium, 
8.9 zk 1.1 milliequivalents per kilo of water, is somewhat lower 
than the average value of 10.8 milliequivalents per kilo of water 
reported by McIntyre (18) for ten normal dogs. 

Dill, Edwards, Florkin, and Campbell (15) compared the dis- 
tribution of chloride and of bicarbonate between serum and cells 
in oxygenated blood, pH, 7.45, and found the chloride distribution 
ratio (rCl) to be 0.65 and the bicarbonate distribution ratio 
(rHCOj) to be 0.765. By comparing these values with those 
obtained on normal human subjects, the latter authors concluded 
that there is no significant difference between the two species 
either in the absolute magnitude of r or in the relation of rCl to 
rHCOa. From Table I it will be seen that the mean value for 
rCI was found to be 0.682 zb 0.016 and that for rHCOs was foimd 
to be 0.770 zb 0.041 at a mean pH. of 7.42. In this connection 
it might be pointed out that Hastings, Sendroy, McIntosh, and 
Van Slyke (14) reported the following mean values for rCl and 
rHCO} (mean pH„ 7.38) for nine normal human subjects; namely, 
0.689 and 0.786, respectively. In view of the similarity of the 
values above, the fines constructed in Fig. 1 to show the change of 
rCl and rHCOj with pH, in oxygenated blood have been taken 
from Dill, Edwards, and Consolazio (19) and represent the changes 
for human blood. 

Electrolyte and Woter Content of Serum and Cells in Adrenal 
Insufficiency. Serum — A summary of the data obtained from 
the analysis of serum and cells of eleven dogs in adrenal insuffi- 
ciency is presented in Table II. By comparing the mean values 
given in Table II with those shown in Table I, it will be observed 
that there was a marked fall of the serum water and an increase 
of total protein. There was a decrease of the mean pH, of 0.21 
and this was accompanied by deficits of chloride, bicarbonate, and 
sodium of 9.8, 10.6, and 16.0 milliequivalents per kilo of water, 
rppectively. At the same time the mean serum potassium had 
risen by 5.6 milliequivalents per kilo of water. It will be noted 
that the stun of the mean deficits of chloride and bicarbonate ex- 
ceeded that of sodiiun. An increase in the excess of determined 
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base over determined acid was encountered in nine of the eleven 
experiments. However, the undetermined acid value was 
markedly increased only in the terminal stages. It appears, 
therefore, that the acidosis, which may become extreme in terminal 
adrenal insufficiency (minimum values for pH, of 7.0 and for bi- 
carbonate of 7 milliequivalents were encountered), is the result 
of a relatively greater loss of sodium over chloride, an extension 


Table II 

Electrolyte and Water Content of Serum and Cells of Eleven Dogs in Adrenal 

/nsuj^ciency 



Serum 

Erythrocytes 

Mean 



B 

Mean 



e 

Water* 

899.0 

914 

883 

9.3 


676 

653 

7.0 

pH 

7.21 

7.3 

7.0 

0.12 





BCIf 

107.4 

117 

94 

6.6 

79.6 

85 

75 

2.4 

BHCOst 

12.5 

18 

7 

3.3 

10.5 

IS 

6 

3.1 

BPrt 

19.7 

24 

16 

2.1 

44 

56 

28 

10 

Determined acidf 

139.6 

151 

127 

7.1 

134.1 

147 

116 

10 

Nat 

139.9 

147 

132 

4.7 

128. 7t 

140 

118 

6.0 

Kt 

9.1 

19 

4 

3.8 

9.0t 

11 

6 

1.6 

Determined basef 

149.0 

164 

138 

5.7 

137.71 

150 

126 

6.9 

Base minus acidf 

9.4 

•34 

0 

10.3 

5.6t 

26 

-12 

10.4 

Protein§ 

8.1 

9 

7 

0.6 





Cell volumell 





58.3 

70 

51 

6.1 


* Gm. per kilo. 

t Milliequivalents per kilo of water. 

J Nine observations. 

§ Gm. per 100 cc. 

II Cc. per 100 cc. 

of base bound by protein, and an increase of the undetermined 
acid value. 

The directions of the changes of the various serum constituents 
encountered in the present experiments agree with those reported 
by others (2, 4, 20-25) who have allowed dogs to go into insuffi- 
ciency by discontinuing cortical extract administration. 

Cells— The following changes of the mean cell values were 
found to accompany the serum water and electrolyte disturbances 
recorded above; namely, a gain of water (water was found in- 
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creased in lune instances, decreased in tvro, and unchanged in 
one), an increase of ceil volume, little or no change of the chloride 
and potassium concentrations, and deficits of bicarbonate and 
sodium. The fall of the determined cell anion content was greater 
than that of determined base. 

Although the anion and cation changes of the cells will be dis- 
cussed later along with those encountered in other experiments, 
it should be pointed out that Nikon (6) observed a high level of 
potassium in the cells in acute adrenal insufficiency in dogs, 
caused by a high intake of potassium. This increase was noted 
just before crisis and the value fell rapidly following treatment. 
Some correlation between the changes of serum and cell sodium 
was reported and it appeared that the ceU chloride level was main- 
tamed. Hegnauer and Robinson (26) studied the composition 
of the celk of cats in adrenal insufficiency and found a decrease in 
the concentration of cell sodium and an increase of cell potassium. 
In the present experiments the cell potassium did not change 
greatly. When the ceU potassium concentration was corrected 
to a solid content equal to that of the control cells, a smaU absolute 
gain was observed. 

Electrolyte and Water Changes of Blood Following Cortical Ex- 
tract Administration — In the inter^t of observiug the effect of the 
administration of cortical extract alone upon the electrolyte and 
water equilibria of the blood in adrenal insufficiency, arterial 
blood was obtained from four dogs in insufficiency and then again 
after treatment. Since a relatively large quantity of blood had to 
be obtained for the various analyses, it was found necessary to 
replace the blood withdrawn from the dop in adrenal insufficiency 
by an equal quantity of normal dog blood. Inunediately foUow- 
ing the transfusion, 25 cc. of cortical extract were given intrave- 
nously.* At intervak over the next 40 hours additional 5 cc. 
quantities were injected subcutaneously, so that the animaU re- 
ceived a total of between 50 and 60 cc. of extract. Neither food 
nor water was aUowed and the final blood was obtained in each 
case 48 hours after the experiment had begun. At that time aU 
the animals showed marked improvement and were quite active. 

Serum The results of the analysk of the serum and celk from 


* Upjohn adrenal cortex extract. 



Table III 

Changes of Water and Electrolytes in Serum and Erythrocytes of Dogs i n Adrenal Insufficiency Treated unth Cortical Extract 

In insufficiency, before treatment 48 hrs. after treatment 

Dog T Dog IT DogV DogW Average DogT DogU DogV DogW Average 

Serum 
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these four dogs are recorded in Table III. It 'will be observed that 
associated vrith the striking clinical improvement of these animals 
there was little if any change of the serum water, serum total 
protein, and blood oxygen capacity. On the other hand there 
was an elevation of pH. in three of the four dogs and the serum 
sodium and chloride concentrations increased significantly in 
each experiment. The average gain of the serum sodium was 

7.0 milliequivalents per kilo of water, while that of chloride was 
4.7 milliequivalents. The serum bicarbonate was variable, 
increasing somewhat in two instances, falling in one, and remaining 
essentially unchanged in one. The average serum potassium 
level fell by 1,2 milliequivalents per kilo of water, a maximum 
decrease of 2.6 milliequivalents being observed in Dog U and no 
change in Dog V. 

Cell Changes — The average cell volume showed an insignificant 
decrease of 0.8 cc. per 100 cc., the greatest change being 3.1 cc. 
per 100 cc. in Dog T. The average cell water decreased by 4.4 
gm. per kilo, the value ha^^ng decreased in three of the four dogs. 
In general, the changes of the cell bicarbonate, chloride, and 
sodium were in the same direction as those encountered in the 
serum. The average level of the cell sodium became increased by 

8.1 milliequivalents per kilo of water, w’hile that of the chloride 
became increased by 2.2 milliequivalents. The cell potassium 
was variable, tending to fall in two instances, to increase in the 
third, and to remain essentially unchanged in the fourth. 

The results of the above experiments are of interest in the light 
of those obtained by other workers in similar studies. It has been 
shown by Harrop, Nicholson, and Strauss (22) and others that 
the serum electrolyte and water disturbances which are encoun- 
tered in adrenal insuflaciency are promptly returned to normal 
following the reinjection of extract if the animals are allowed free 
access to food and water. However, in other experiments de- 
signed to limit the intake of either water or food (or both) some- 
what variable results have been obtained. Thus, Stahl, Atchley, 
and Loeb (23) observed the effect of administering a single large 
dose of cortical ex-tract to a dog in adrenal insufiSciency. The 
animal received neither food nor water during the experimental 
period after the injection. Despite a striking improvement in 
the general condition of the animal within 15 to 20 minutes, no 
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consistent changes in the seram sodium, potassium, or water con- 
tent were observed in 6 hours following the injection. Harrop 
(27) also observed the effect of cortical extract alone on the blood 
changes of the dog in adrenal insufficiency. In the course of 24 
hours during which food as well as fluid was mthheld, but 50 cc. 
of extract in divided doses were injected subcutaneously, a prompt 
clinical improvement and a marked diuresis were obsenmd, 
Among other changes, Harrop found that there was dilution of 
blood, a marked fall of the plasma potassium, and a gain of plasma 
sodium amounting to approximately 5 milliequivalents per liter. 
From measurements of the interstitial fluid volume by means of 
sodium thiocyanate it was concluded that the principal movement 
of this fluid is into the cells following the withdrawal of extract 
and from the cells to the interstitial spaces when the hormone is 
reinjected. In their studies Swingle, Parkins, Taylor, and Hays 
(28, 29) withheld food but allowed water during the experimental 
period following extract administration. Dogs in adrenal in- 
sufficiency with low levels of serum chloride and sodium (28) 
showed rapid recovery following extract administration. Follow- 
ing an experimental period of several days there was evidence of 
blood dilution; however, the levels of serum sodium and chloride 
remained unchanged, or tended to fall slightly. In later experi- 
ments (29) upon dogs in adrenal insufficiency with higher levels of 
serum sodium and chloride, a striking dilution of the blood and 
lowered levels of serum sodium, potassium, and chloride were 
observed 12 hours after extract administration. 24 hours later 
the blood had diluted and returned to approximately the normal 
condition, the serum potassium had also returned to normal, and 
the serum sodium and chloride levels had definitely increased. 
These authors concluded that the injections of cortical extracts 
mobilize the accumulations of the intracellular water and electro- 
lytes such as sodium, chloride, and probably potassium and 
shift them from intracellular to extracellular compartments and 
the blood stream, thereby bringing about dilution and relief of 

symptoms. , 

A feature which stands out in the present experiments^ is that 
although there was marked improvement in the animals’ condi- 
tion there was no evidence of blood dilution. Equally interesting 
are the changes of the serum sodium and chloride. The concen- 
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tration of both increased in the face of a constant water content, 
making it appear as though sodium and chloride had merely been 
added. In seeking the source of the sodium and chloride it should 
be pointed out that the extract which was employed in these ex- 
peiiments contained 0.9 per cent NaCl. Consequently the ani- 
mals received approximately 8 to 9 milliequivalents of salt in this 
manner. Further, since the dogs in adrenal insufficiency received 
normal blood in an amount equal to that withdrawn for analysis, 
some sodimn chloride was received from this source. However, 
attention should be called to the experiments to be described in 
Paper II (7) in which the electrolyte and water contents of the skel- 
etal muscles from these dogs and from dogs in adrenal insufficiency 
are compared. Evidence is presented that there is a greater con- 
traction of the extracellular phase of the skeletal muscle of adrenal- 
insufficient dogs receiving extract than of those untreated. Fur- 
ther, during the recovery period the excretion of urine amounted 
to from 200 to 500 cc. Unfortunately no analyses were made of 
the latter specimens. However, with the e\ddence presented one 
might infer that interstitial fluid had entered the blood, followed 
by the excretion of water (and some electrolytes), with the partial 
retention of sodium and chloride. It is of some interest that the 
average gain of serum sodium was balanced by the average gains 
of chloride, bicarbonate, and base bound by protein. 

The results of these experiments tend to minimize the impor- 
tance of a correction of the water and electrolyte equilibria of the 
blood as a factor in the part played by the cortical extract in 
restoring the animal to normal. That is, such a correction fol- 
lows secondarily to some other action or actions. 

Electrolyte and Water Changes Following Inttaperitoneal In- 
jection— la. order to induce electrolyte and water changes of the 
blood sunilar to those encountered in adrenal insufficiency three 
dogs were given an intraperitoneal injection of 5 per cent glucose 
and two dogs were given a similar injection of 5 per cent glucose 
containing 3.8 gm. of KCl per liter. Both solutions were injected 
in amounts of 100 cc. per kilo of body weight and the blood was 
withdrawn at from 4 to hours after the injection. The results 
of the analysis of serum and of the cell volume and cell water are 
presented in Table IV. 

As has already been demonstrated by otheis, the direction of 
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changes (-Kith the exception of serum potassium) foUov^g a single 
intraperitoneal injection of 5 per cent glucose is similar to that 
encountered in adrenal insufficiency- It is worthy of note in 
contrast, however, that the fall of serum chloride is ^sentially 
equal to that of sodium, and the bicarbonate content is not de- 
creased to the same extent. Moreover, with a fall of serum base 
the resulting changes of cell volume and cell water appear to be 
somewhat greater. 

Osmotic Adjustment between Serum and Cells — ^The present ex- 
periments afford an opportunity to exanune the manner in which 
osmotic equilibrium is brought about between serum and cells of 
dogs following rather marked distortions of the chemical patterns. 
Although this subject will be treated more critically in a later 
publication in connection with other data, it seems desirable to 
point out several interesting changes at this time. 

The results of the analysis of the serum and cell base and of the 
cell water are presented in Table V. From the data obtained on 
the blood of dogs in adrenal insufficiency, it will be observed that 
while the cells generally gained water this gain was small in view 
of the extent of the serum sodium deficits. In this connection it 
will be noted that the fall of the serum sodium was accompanied 
by a decrease of the cell sodium concentration. Thus, by com- 
paring the values presented in Tables I and II, it will be observed 
that the mean concentrations of serum and cell sodium fell by 
16.0 and 16.3 milliequivalents per kilo of water, respectively. 
Since the serum potassium became elevated whereas the cell 
potassium concentration remained essentially unchanged, the 
average deficit of determined base in cells was greater than that 
in serum; i.e., the serum base fell 10.4 milliequivalents, whereas 
the cell base fell 16.1 milliequivalents per kilo of water. In order 
to approximate the actual change of the cell base content, a con- 
stancy of the cell solids was assumed and the experimental cell 
values were corrected to a solid content equal to that of the control 
cells. From the values for “B- - Bi” of Table V it will be seen 
that the cell base content was decreased in every instance, the 
maximum deficit being 26.8 milliequivalents per kilo of water in 
Dog T. 

Another factor to be considered is the anion exchange between 
the serum and cells which accompanies the fall of pH,. As 
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indicated above, the concentration of base in the cells fell to a 
greater extent than it did in the serum, men the sums of the 
mean deficits of base, chloride, and bicarbonate of the two phases 
are compared (Tables I and II), it will be found that the sum m 
serum had decreased by 30.8 milliequivalents per kilo of water, 
vhile that in the cells had decreased by 24.5 milliequivalents. 


Table V 

Changes of Water and Base in Serum and Erylhrocyles 
The first nine experiments represent a comparison of control (subscript 
1) and blood of dogs in adrenal insufficiency (subscript 2). The last four 
represent comparisons of blood obtained before and following cortical 
extract administration. 


The results are expressed in milliequivalents per kilo of water, except 
for (HjOli and (HsOIj for which the readings are in gm. per kilo. 



Scrum 

Cells 

o 

a 

Nai 

Bi 

Nai 

Bj 

Nai 

Bi 

Naj 

B, 





A 

158. 9 

163.6 

142.8 

152.0 

152.0 

159.1 

128.5 

134.1 

146.4 

-12.7 

650.7 

C70.5 

D 

158.1 

160.5 

143.5 

147.4 

146.0 

156.6 

136.3 

144.8 

162.2 

-4.4 

651.5 

6G2.8 

N 

153.5 

157.5 

140.5 

149.3 

143.1 

153.1 

132.0 

142.0 

142.5 

-10.6 

661.0 

661.8 

II 

154.8 

158.3 

146.7 

154.5 

146.2 

155.6 

140.4 

150.4 

147.1 

-8.5 

657.5 

652.6 

S 

155.8 

159.2 

138.5 

149.6 

150.4 

158.6 

128.8 

138.9 

143.9 

-14.7 

652.5 

660.5 

T 

152.0 

156.2 

132.2 

141.7 

144.4 

152.4 

118.0 

126.4 

125.6 

-26.8 

660.5 

650.0 

U 

157.8 

162.0 

141.7 

148.8 

149.4 

158.6 

127.7 

137.6 

142.1 

-16.5 

650.0 

657.3 

V 

154.2 

158.1 

135.9 

142.8 

149.3 

156.9 

125.4 

133.6 

142.5 

-14.4 

648.3 

CC3.0 

W 

153.0 

155.6 

131.5 

138.1 

144.3 

154.3 

121.0 

131.8 

139.1 

-15.2 

661.0 

673.0 

T 

132.2 

141.7 

137.2 

145.4 

118.0 

126.4 

121.7 

132.2 

130.0 

3.6 

659.0 

655,3 

U 

141.7 

148.8 

147.7 

152.2 

127.7 

137.6 

133.8 

143.9 

144.3 

6.7 

657.3 

65S.0 

V 

135.9 

142.8 

143.2 

150.1 

125.4 

133.5 

137.1 

143.3 

137.4 

3.9 

663.0 

653.5 

W 

131.5 

138.1 

140.9 

146.5 

121.0 

131.8 

131.8 

141.0 

137.7 

5.9 

673.0 

607.8 


* Values corrected to a cell solid content equal to that of the control. 


This relatively greater loss of anions from serum can be accounted 
for by a retention of anions in the cells to combine xvith base set 
free by the cell proteins as a result of the fall in pH,. 

These experiments indicate that the chemical pattern of the 
blood cells of dogs may undergo wide changes in an attempt to 
come into equilibrium -with the serum. Following the serum 
electrolyte and water deficits encountered in adrenal insufficiency, 
the establishment of equilibrium is apparently associated witli a 
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loss of base (sodium) from the cells and with anion and water 
exchange. 

It will he appreciated that in this study the control and expen- 
mental bloods were obtained a number of days apart. Therefore, 
the following questions arise. Are the apparent losses of cell 
sodium to be interpreted as evidence supporting the ^^ew that the 
corpuscular membrane is permeable to this ion? Or have new 
cells of a different cation content entered the circulation in the 
interv^al between sample collections? The same questions were 
considered by Robinson and Hegnauer (30) who also observed a 
loss of sodium from the red blood cells of cats in adrenal insuffi- 
ciency. By using intraperitoneal injections, the latter authors 
foimd the cell changes to be similar to those encountered in 
adrenal insufficiency. Ck)nsequently it was concluded that, when 
the plasma electrolyte balance is sufficiently altered, the red blood 
cell membrane may become somewhat permeable to cations. 
Yannet, Darrow, and Cary (17) found that a passage of sodium 
across the red cell membrane occurred in dogs following the in- 
traperitoneal injection of a 5 per cent solution of glucose and 
following a s imil ar injection of a 1.8 per cent solution of sodium 
chloride. 

The four experiments of the present study dealing with the 
effect of cortical extract alone on the water and electrolyte changes 
are of interest in this connection. It was pointed out previously 
that associated with the average gain of serum sodium of 7.0 
nuUiequivalents per kilo of water (Table III) the average cell 
sodium concentration increased by 8.1 milliequivalents; Further, 
the average gain of determined serum base was 5.8 milliequiv- 
alents, while that of the cells was 7.8 milliequivalents per Idlo of 
water. From the values given under “Bj — Bi” in Table V, it 
will be observed that in each experiment there was e\ddence of an 
absolute gain of the cell base. This occurred in the face of a 
slight fall of the cell water. On the other hand, when the average 
gains of the sums of base, chloride, and bicarbonate of the two 
phases are compared (Table III), it will be seen tbat the sum in- 
creased in serum by 11.4 milliequivalents per kilo of water, while 
that in the cells increased by 10.9 milliequivalents. Therefore, 
in th^e experiments as in the case of the blood in adrenal in- 
sufficiency, the establishment of equilibrium between serum and 
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cells vras apparently associated 'ivith a passage of sodium across 
the membrane and with anion and water exchange. 

Distribution of Chloride and Bicarbonate between Serum and 
Cells— Ya.n Slyke, Wu, and McLean (5) considered the factors 
responsible for the unequal distribution of diffusible ions between 
serum and cells and showed that the distribution in oxygenated 
blood is related to the non-diffusible ions by the equation 

= _ IBPrle + [Hbh - IBPr], 

IH+lt “ 1C1-], [HCOn. 2{[B1, - [BPr].) 

Subsequent work from various laboratories has shown that, 
although the determined molal ratios [Cl]c/[C1], and [HCOalc/ 
[HCO3], are not equal, they vary with the pH,, as predicted by 


Table VI 

Determined and Calculated Dislrihution Ratios (Average Values) 


pH< range 

pH, 

1 Observed j 

Calculated r* 

rCl 

rHCOa 

7.0 - 7.20(5)1 

7.10 

0.770 

0.8531 

0.843 

7.20 - 7.40(22) 


0.703 

0.807 

mSSM 

Above 7.40(17) 


0.674 

1 

0.771 

■n 


* Calculated by substituting average values in Equation 1. 
t The figures in the parentheses indicate the number of observations 
taken to establish the average, 
t Only four observations. 

the equation. Since the theory assumes an impermeability of 
the cell membrane to cations, it was of interest to observe the 
changes of rCl and rHCOj with pH. encountered in the present 
experiments, where some evidence of sodium transfer was obtained. 

In Fig. 1 the chloride and bicarbonate ratios plotted against 
pH, are given for normal dogs, dogs in adrenal insufficiency, and 
following cortical extract administration, and following the 
intraperitoneal injections of glucose or glucose containing potas- 
sium chloride. As stated previously, the lines have been con- 
structed from the data of Dill, Edwards, and Ck>nsolazio (19) 
and represent the changes for oxygenated human blood. It will 
be obseiwed that while some scattering of points is evident, par- 
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ticularly in the rHCOa values, they tend to fall reasonably well 
along the lines. Somewhat greater variation in the rHCOj 
values might be anticipated, since the cell bicarbonate content 
was obtained only by indirect calculation. In order to determine 
in another way whether the changes are in a direction predicted 
by Equation 1, the values for rCl and rHCOs in a given pH, 
range were averaged and compared with the average calculated 
value. From the data presented in Table VI, it will be obsen-ed 
that the values for r calculated by Equation 1 fall in between the 
average determined values. Further, the changes of calculated 
r with pH, approximately parallel the lines constructed in Fig. ]. 
The average determined rCl and rHCOa values, with the exception 
of rHCOa at the average pH, of 7.10, agree rather closely with the 
corresponding values indicated by the lines. On the whole it 
appears that, regardless of the way in which the blood electrolyte 
changes were induced, the distribution of anions between scnim 
and cells was influenced chiefly by the factors indicated by Equa- 
tion 1.2 


SUMMARY AND CONCLUSIONS 

The results of the analysis of the water and electrolyte content 
of serum and cells of twenty-four normal dogs, of eleven dogs in 
adrenal insuflSciency, of four dogs in adrenal insuflSciency following 
cortical extract administration, and of five dogs receiving intra- 
peritoneal injections of either glucose or glucose containing po- 
tassium chloride have been presented. The various findings have 
been discussed briefly and may be summarized as follows: 

1. Blood Changes in Adrenal Insufficiency — The results of the 
analysis of the serum of dogs in adrenal insuflEiciency revealed a 
fall of the water content and a gain of total protein. There were 
also a fall of pH,, decreases of chloride, bicarbonate, and sodium, 
and an increase of potassium. The red blood cells in adrenal 

^ Since the completion of this paper, a relevant publication by Rapo- 
port and Guest (31) has appeared. It is shown that the distribution ratios, 
predicted by the formulae of Van Slyke, Wu, and McLean, for H , C , 
and HCOr (corrected for carbamate COj in the cells) between the scrum 
and cells of dogs, in normal condition and following pyloric obstruebon, 
are brought nearer the observed values if the equivalencies of non-diffus- 
ible cell constituents of the original equation are taken as the 
the equivalents of hemoglobin, diphosphoglycerate, and "other organic . 
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insufficiency usuaUy gained water, the bicarbonate and sodium 
concentrations were reduced, and the chloride and potassium 
concentrations were only slightly changed. 

From the serum changes it was concluded that the acidosis en- 
countered was the result of a relatively greater loss of sodii^ over 
chloride, an extension of base bound by protein, and an increase 
of the undetermined acid value. 

Blood Changes Following Cortical Extract Administration— 
There was a marked clinical improvement of the four animals in 
adrenal insufficiency upon treatment with cortical extract alone. 
No evidence of blood dilution was obtained, since there was little 
if any change of the serum water, serum total protein, or blood 
oxygen capacity. Despite a relative constancy of the serum 
water, there were appreciable gains of the serum sodium and 
chloride concentrations, some increase of the average pH, and of 
the average bicarbonate content. The serum potassium tended 
to fall. There was some tendency for the cells to lose water and 
in general the variations of the cell bicarbonate, chloride, and 
sodium were in the same direction as those encountered in the 
serum. The changes of cell potassium were variable. Evidence 
was presented that the increases in the concentrations of serum 
sodium and chloride may be interpreted as resulting from an 
entrance of interstitial fluid into the circulation followed by an 
excretion of water (and some electrolytes) with the (partial) 
retention of sodium and chloride. 

It was concluded that these experiments tend to minimize the 
importance of a correction of the water and electrolyte equilibria 
of the blood as a factor in the part played by the cortical extract 
in restoring the animal to normal. Such a correction follows 
secondarily some other action or actions, 

S. Anion and Cation Equilibria between Serum and Cells — ^The 
chemical pattern of the red cells of dogs may undergo rather wide 
changes in coming into equilibrium with the serum. Evidence 
was presented that the establishment of osmotic equilibrium be- 
tween the serum and cells of dogs in adrenal insufficiency is asso- 
ciated with a loss of base (sodium) from the cells and with anion 
and water exchange. Following cortical extract administration, 
the equilibrium was associated with a gain of cell sodium and 
with anion and water exchange. 
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Despite the evidence of a change of the cell base content tb 
distribution ratios rCl and rHCOj varied with pH, reasonably 
well, in accord with the theory that the diffusible ions are i 
Alien ced by the non-diffusible ions according to the Gibbs-Don- 
nan law. 
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II. ELECTROLYTE AND WATER EXCHANGE B ETW EEN SKELETAL 
MUSCLE AND BLOOD IN ADRENAL INSUFFICIENCY* 

Bt EDWARD MDNTWYLER, ROBERT C. HELLOES, FREDERICK 
R, MAUTZ, jLtm GEORGE H. MANGDN 

(From the Departments of Biochemistry and Surgery, School of Medicine, 
Western Reserve University, Cleveland) 

(Received for publication, February 23, 1940) 

In recent years a number of workers have been interested in 
studying the water and electrolyte changes of the blood and tissues 
encoxmtered in experimental adrenal insufficiency and in observing 
the effect of administering cortical extract upon such changes. 
Rather marked blood electrolyte disturbances are observed in 
adrenal insufficiency in dogs and the constant finding of a blood 
concentration indicates that a change of body water is a char- 
acteristic feature in such animals. B.alance studies with adrenalec- 
tomized dogs (2) or with adrenalectomized dogs after injections 
of extract were stopped (3) showed that a moderate diuresis 
usually accompanies an increased excretion of sodimn. Swingle, 
Pfiffner, Vars, and Parkins (4) concluded that while such loss of 
fluid by way of the urine plays a part it is not the sole factor in 
the dehydration of adrenal insufficiency. These authors sug- 
gested that there is a disturbance of the normal fluid exchange 
between the blood and the tissues. That is, there is an accumula- 
tion of fluid in the tissues and interstitial spaces. As a result of 
further study Swingle, Parkins, Taylor, and Hays (5, 6) have 
continued to stress the feature that in adrenal insufficiency there 
is an impairment of the mechanism regulating and controlling 
the internal fluid distribution of the body. It was concluded 
(5) that the disappearance of symptoms, when adequate amounts 
of cortical hormone are aciministered, is largely due to the effect 

* A preliminary report of a part of this work was presented before the 
American Society of Biological Chemists (1). 
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of the cortical hormone on the mobilization and shift of tissue 
fluids to the extracellular spaces and blood stream. The move- 
ment of the water from the cells in this case apparently occurs 
independently of the level of sodium in the serum. Darro\Y and 
Yaimet (7) and Gilman (8) noted that the blood electrolyte and 
water changes and other phenomena observed in intact animals 
given injections of intraperitoneal glucose are similar in many 
respects to those encountered in adrenal insufficiency. Conse- 
quently it was suggested that the loss of sodium in insufficiency 
unaccompanied by a corresponding diminution of body water 
brings about a transfer of water from the extracellular spaces 
to the tissue cells to maintain osmotic equilibrium. Harrop (9) 
found that an actual shrinkage of interstitial fluid volume occurs 
during insufficiency and that this volume is restored by reinjection 
of hormone. In agreement with the views of Darrow and Yannct 
and Gilman, Harrop concluded that the movement of extracellular 
fluid into the tissue cells as a result of a loss of extracellular elec- 
trolyte is the most important factor leading to blood concentration. 

The recent studies of the electrolyte and water content of the 
skeletal muscle of cats (10, 11), rats (12), and dogs (11) in adrenal 
insufficiency have yielded results which support the view that the 
intracellular changes are associated with those observed in the 
extracellular fluids. An outstanding feature of the latter studies 
has been the finding of a gain of potassium in the muscle cells. 
In view of the evidence of increased toxicity of potassium in 
adrenalectomized animals and in patients with Addison’s disease 
(13) this observation commands considerable interest. 

The experiments included in this paper were carried out in 
conjunction with those reported in Paper I (14) and were under- 
taken for the following purposes: (1) to obtain further information 
regarding the extent of the electrolyte and water disturbances 
of the skeletal muscle of dogs in adrenal insufficiency and to ap- 
proximate, by the procedure outlined by Hastings and Eichcl- 
berger (15), the changes of the volumes of the extra- and intra- 
cellular phases of muscle; (2) to compare the skeletal muscle 
changes observed in adrenal insufficiency with those encountered 
in dogs following intraperitoneal injections of glucose and glucose 
containing potassium chloride, and following a high potassiura 
intake; and (3) to observe the effect of the administration o 
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cortical extract alone upon the muscle disturbances encountered 
in adrenal insufficiency. 

Methods 

The care of the animals employed in the present studies arid 
the treatment of the blood specimens were briefly described in 
Paper I (14). Skeletal muscle (lumbar portion, sacrospinalis) 
was obtained under sodium pentobarbital anesthesia immedi- 
ately following the collection of the blood. It was quickly freed 
of adherent blood and immediately placed in a glass-stoppered 
bottle. In a specially constructed humidor, the muscle was 
trinomed to remove as much free fat and connective tissue as 
possible, finely minced with a pair of scissors, and placed in a 
weighed covered beaker. The sampling was carried out as rapidly 
as possible. 

Weighed aliquot samples were used to determine the water 
content by drying to constant weight at lOS-llO®. The neutral 
fat was determined in the same way as described by Hastings 
and Eichelberger (15) on the residue remaining in the weighing 
bottles after the evaporation of water. The residue remaining 
after the fat extraction was then subjected to a Kjeldahl nitrogen 
estimation. Weighed aliquot samples were also employed to 
determine the collagen nitrogen by the method of Spencer, 
Morgulis, and Wilder (16) (the nitrogen, however, was deter- 
mined fay micro-Kjeldahl procedure) and the chloride by the 
method of Sunderman and Williams (17). The muscle sample 
remaining in the beaker was dried to constant weight at 105-110® 
and ashed in the same way as described by Cullen and Wilkins 
(18). Sodium was determined on an aqueous solution of the ash 
by the method of Butler and Tuthill (19) and potassium by the 
cobaltinitrite technique (20). All the determinations were 
carried out at least in duplicate. 

Unless stated otherwise, the volumes of extra- and intracellular 
phases of muscle were calculated in the manner outlined by 
Hastings and Eichelberger (15) which is based on the assumption 
that all the chloride is extracellular and is present at a concentra- 
tion equal to that of an ultrafiltrate of serum. In order to ap- 
proximate the changes of the muscle phases the calculations were 
made relative to the control series and a constant solid content 
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of the intracellular phase assumed. The symbols used in the 
present report are the same as those employed by Hastings and 
Eichelberger (15). 


EXPERIMENTAL 

Electrolyte and Water Content of Normal Dog Muscle— A sum- 
mary of the data obtained from the analysis of the skeletal muscle 
of twenty-four normal dogs is given in Table I. Since Hastings 
and Eichelberger (15) have reported similar data from the analysis 


Table I 

Electrolyte and Water Content of Normal Dog Muscle* 

The values are expressed in terms of 1000 gm. of fat-free muscle. 



Mean 

Maximum 

Minimum 

Standud 

dorintiOD 

Chloride, m.eq 

19.6 

26 

15 

2.7 

Sodium, m.eg 

28.2 

1 

22 

3.2 

“ minus chloride, m.eq 

8.7 

12 

5 

1.9 

Potassium, m.eq 

83.5 

95 

69 

5.5 

Water, gm 

761.4 

780 

749 

7.8 

Extracellular phase, (F), gm 

i 159 

218 

119 

22 

Intracellular water, (HaO)^, gm. . . . 

604 

639 

549 

18 

» “ (HaOh, 

718 

733 

703 

8 

Collagen nitrogen, J gm 

4.88 

6.7 

3.6 

0.6 

Total nitrogen, gm 

34.69 

37.7 

32.2 

1.61 


This table has been constructed on the basis of twenty-four observa- 
tions. 

* Lumbar portion, sacrospinalis. 
t Per 1000 gm. of muscle cells, 
t Sixteen observations. 

of the rectus abdominis muscle of normal dogs, it is of interest 
to make a comparison of results. In general there is a fair agree- 
ment between the two series of observations. However, the 
mean values obtained in the present study for chloride, sodium, 
and water are somewhat lower, while that for potassium is slightly 
higher than the corresponding mean values reported by the above 
workers. The calculation of the extracellular phase (F) yielded 
a mean value of 159 gm., with a standard deviation (c) of ±22 gm., 
per kilo of muscle. Thus, as a result of the lower chloride content 
observed in the present series, the latter value is somewhat smaller 
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than the value (F) = 173 gm., <r ±22, found by Hastings and 
Eichelherger. In agreement vrith the latter authors the per cent 
of -water in the intracellular phase is relatively constant. The 
value for {H-O} . of 718 gm., o- ±8, per kilo of muscle cells compares 
favorably -with their value of (HiOJc of /!/ gm., a ±5. 

At this point attention should be called to the recent studies by 
Manery, Danielson, and Hastings (21) which indicate that the 
extracellular phase of muscle may be more accurately described 
as consisting of extracellular fluid and connective tissue proteins. 
By assuming that the connective tissue of muscle corresponds to 
tendon and is diluted -with serum ultrafiltrate in an amount deter- 
mined by the muscle chloride in excess of that accounted for by 
the connective tissue, the above authors obtained the folio-wing 
results by calculation. It was found that of a kilo of rabbit 
muscle the connective tissue phase amounts to 156 gm., con- 
taining 78.1 per cent water, compared with the extracellular phase 
of 131 gm., containing 99 per cent water, calculated from the ultra- 
filtrate chloride concentration. In other words, the magnitude 
of the phase and its per cent of water are altered when the calcu- 
lations are made on the basis of the above assumptions. 

In a number of the present experiments an attempt was made 
to approximate the connective tissue content of dog muscle by 
determining the collagen nitrogen. From Table I it -will be 
observed that a mean collagen nitrogen content of 4.88 gm. per 
kilo of muscle was obtained from sixteen observations. The 
analysis of tendon from normal dogs (22) yielded average chloride 
and water contents of 78.7 milliequivalents and 668.3 gm. per 
kilo, respectively (corrected for neutral fat). From these data 
and by making the assumptions that the connective tissue of 
muscle corresponds to tendon and that the partition of collagen N 
to total N is the same for dog tendon as for beef tendon (23), it 
is possible to approximate the connective tissue content and the 
portions of water and chloride it accounts for. The chloride of 
muscle in excess of that accounted for by the connective tissue is 
used to calculate the ultrafiltrate volume. By making such cal- 
culations the following results were obtained. The mean connec- 
tive tissue phase (corresponding to the extraceUuiar phase (P)) 
amounted to 187 gm., o- ±21, per kilo of muscle, containing 84,6 
per cent water. This increase in the magnitude of the extra- 
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cellular phase obviously causes a corresponding decrease of the 
magnitude of the intracellular phase. As a result the mean water 
content of the muscle cells amounted to 742 gm., o- ±9, per kilo 
compared with the mean value 718 gm., o- ±8, given in Table l! 

It will be observed, as was pointed out by Manery, Danielson 
and Hastings (21), that such calculations yield values for the 
extracellular phase and for the per cent of water in the intracellular 
phase which are somewhat greater than those obtained from 
the ultrafiltrate chloride concentration alone. In the present 
study the collagen nitrogen was also determined on a number of 
experimental muscle samples. For the sake of comparison, in 
these instances the changes of the muscle phases were calculated 
in the usual manner (15) and also by taking into account the ap- 
proximate amount of connective tissue. As will be pointed out 
later, the magnitudes of the phase changes differ somewhat; 
however, the directions are the same and lead to the same inter- 
pretations. 

Animals in Adrenal Insufficiency — The results of the analysis 
of the muscles from seven dogs in adrenal insufficiency are pre- 
sented in Table II. By comparing these values with those given 
in Table I, it will be seen that a loss of sodium and a gain of water 
are outstanding features. Associated with these changes there 
was a tendency for the chloride content to fall and the potassium 
to increase. In each experiment the loss of sodium was greater 
than that of chloride, resulting in a significant lowering of the 
value of sodium in excess of chloride. The gain of muscle water 
was the result of an increase of water in the intracellular phase. 
Thus, the average intracellular water, (HsO)^ was increased to 
641 gm. per kilo of muscle. The magnitude of the extracellular 
phase, (F), tended to fall. 

In order to approximate the changes of the muscle phases the 
calculations were made relative to the control series and a constant 
solid content of the intracellular phase was assumed. Such cal- 
culations revealed that on the average an absolute increase of 
67 gm. per kilo of control muscle, AM, had occurred. This con- 
sisted of an average 80 gm, increase in the intracellular phase, 
AC, and an average 13 gm, decrease in the extracellular phase, 
Af\ Thus, the absolute change in the bulk of a kilo of muscle 
may be attributed chiefly to a gain of intracellular water. The 
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changes in the extracellular phase were someTvhat less significant 
In all the animals, except Dog A, there vras a tendency toward 
a decrease in the extracellular phase. However, this decrease 
was of real significance in only two instances; i.e., Dogs D and b. 

Table II 

Electrolyte and Hoofer Content of Muscle from Dogs in Adrenal Insufictency 


The values are expressed in terms of 1000 gm. of fat-free muscle. 



Dog A 

DogC 

Dog D 

Dog E 

OogN 

DogR 

Dog S 

Average 

Chloride, m.eq 

16.0 

13.3 

12.5 

15.0 

16.5 

16.2 

16.1 

15.1 

Sodium, m.eq 

17.3 

12.3 

18.1 

18.3 

17.1 

17.5 

17.2 

16,8 

“ minus chlo- 









ride, m.eq 

1.3 

-1.0 

5.6 

3.3 

0.6 

1.3 

1.1 

1.7 

Potassium, m.eq 

73.3 


86.3 

83.3 

95.2 

91.9 

95.7 

87.6 


788.3 

777.7 

773.5 

781.5 

776.5 

769.5 

767.5 

776.4 

Extracellular 









phase, (F), gm. . . 

155 

136 

107 

142 

148 

139 

132 

137 

Intracellular 









water, (HiO)t, 









gm 

635 

643 

668 

641 

630 

632 

637 

641 

Collagen nitrogen, 









gm 





7.28 

5.78 

4.97 

6.00 

Ailf* 

127 

72 

51 

91 

67 

34 

25 

67 

AC 

112 

86 

98 

96 

69 

50 

49 

80 

AF 

15 

-14 

-47 

-5 

-2 

-16 

-24 

-13 

A'M 





153 

65 

31 

83 

A'C 





131 

73 

54 

86 

A'F 





22 

-8 

-23 

-3 


• The changes of the muscle phases relative to the control series have 
been calculated on the assumption of a constant solid content of the intra- 
cellular phase. In calculation of the changes markedA'the same assumption 
was made; however, in addition account was taken of the connective tissue 
content. 

The collagen nitrogen was determined in three of these experi- 
ments, thus permitting an approximation of the changes of the 
muscle phases on the basis of the connective tissue contents. Such 
calculations lead to the same conclusion as was arrived at above; 
namely, that in the absolute increase in the bulk of the muscle the 
increase in the intracellular phase was the outstanding feature. 

In the present experiments the muscle samples were obtained 
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in most instances following a period of several days during which 
the animals refused food. In order to observe the electrolyte and 
water changes of the muscle in normal animals following priva- 
tion of food, three dogs were allowed water but no food for a period 
of 5 days (Table III). The results of the analysis of the muscles 
from two dogs (Dogs 0 and X) following a period of 20 days during 

Table III 


Electrolyie and Water Content of Muscle from Dogs Following S Days Fasting 
and Following Ingestion of Potassium Acid Phosphate 
The values are expressed in terms of 1000 gm. of fat-free muscle. 



Dog P 

Dog G 

Dog I 

Dog 0 

DogX 

Chloride, m.eg 

21.9 

21.3 

17.5 

16.9 

17.5 

Sodium, m.eq 

29.3 

26.8 

23.8 

23.9 

24.6 

minus chloride, 
m,eq 

7.4 

5.5 

6.3 

7.0 

7.1 

Potassium, m.eg 

80.8 

88.1 

92.7 

81.6 

84.3 

Water, gm 

773.0 

765.0 

762.5 

759.3 

756.0 

Extracellular phase, 

(F), gm 

190 

169 

142 

1 

139 

145 

Intracellular water, 

fHsO)/!. am 

i 

585 

1 

597 

622 

622 

613 

Collagen nitrogen, gm , . . 

am* 

52 

' 16 

3 

4.44 

-10 

4.24 

-23 

AC 

1 y 

12 

3 

20 

12 

-5 

AF 

40 

13 

-17 

-22 

-18 

A'M 

-22 

-41 

A'C 




5 

-15 

A'F 




-27 

-26 








Dogs r, G, and I were allowed water but no food for a period of 5 dnys. 
Dogs 0 and X were studied following a period of 20 days during which in- 
creasing amounts of KHjPO^ were included daily in the diet, beginning with 
0.5 gm. and reaching a maximum of 25 gm. of the salt daily. 

* See the comments below Table II. 

which increasing amounts of potassium acid phosphate were 
included daily in the diet are also included in Table III. It will 
be observed that no striking changes of the electrolye and water 
content from normal were encountered in these experiments. 
Attention might be called to the slightly higher levels of potassium 
in two of the three dogs following the period of fasting and the 
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tendency toward slightly lowered levels of sodium and chloride 
following the period of the potassium salt ingestion. On the whole 
the calculated changes of the muscle phases were not great. The 
greatest change occurred with Dog F for which there was an 
absolute gain of 52 gm. in the bulk of the muscle, due chiefly to an 
increase in the extracellular phase. Following the administration 
of the potassium salt there was some tendency to an absolute 
decrease in the bulk of the muscle, due apparently to a decrease 
in the e.xtracellular phase. 

Animals Following Intraperitoneal Injection — In the interest 
of comparing the electrolj'’e and water changes of the muscle ac- 
companying a rapid depletion of blood electrolytes with those 
encountered in adrenal insufficiency, several animals were sub- 
jected to intraperitoneal injection e.\-periments. The results of 
the analysis of three dogs (Dogs K, M, and Q) following the 
intraperitoneal injection of 5 per cent glucose and two dogs (Dogs 
Y and Z) following a similar injection of 5 per cent glucose con- 
taining 3.8 gm. of KCl per liter of solution are presented in Table 
lY. In each instance 100 cc. of solution per kilo of body weight 
were injected and the samples were collected at from 4 to 4| hours 
following the injection. By comparing the data presented in 
Table IV with those given in Table II, it will be observed that 
the directions of the changes following the intraperitoneal injection 
of glucose are similar in many respects to those encountered in 
adrenal insufficiency. There was a fall of the sodium content 
which was somewhat greater than that of the chloride, tending, 
therefore, to decrease the value for the excess of sodium over 
chloride. The potassium content remained within the normal 
range of variation. The calculations of the changes of the 
muscle phases relative to the control indicated an absolute gain 
in the bulk of the muscle. Thus gain was apparently the re- 
sult of an increase in the intracellular phase and a relatively 
smaller decrease in the extracellular phase. It will be noticed 
that, while the direction of change is similar to that encountered 
in adrenal insufficiency, the decrease in the extracellular phase 
following the intraperitoneal injection of the glucose solution was 

more definite. The calculation of the changes of the muscle phases 

following the intraperitoneal injection of the solution containing 
glucose and potassium chloride indicated a decrease in the bulk 
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of the muscle. This was apparently the result of a decrease in 
the extracellular phase and a relatively smaller increase in the 
intracellular phase. 

It is of interest to compare the skeletal muscle changes in 
adrenal insufficiency observed in the present study with those 

Table IV 

Electrolyte and Water Content of Muscle from Dogs Following 
Intraperitoneal Injections 


The values are expressed in terms of 1000 gm. of fat-free muscle. 



Dog K 

Dog M 

Dog Q 

DogY 

DogZ 

Chloride, m.eg 

12.7 

14.8 

10.5 

11.6 

13,7 

Sodium, m.eg 

“ minus chloride, 

15.7 

20.7 

13.1 

17.4 

20.5 

m.eg 

3.0 

5.9 

2.6 

5.8 

0.8 

Potassium, m.eg 

82.2 

80.3 

87.4 

96.6 

82.0 

Water, gm 

Extracellular phase, 

770.3 

769.5 

765.8 

753.8 

1 

i 

762.8 

iP), gm 

Intracellular water, 

122 

I 

140 

i 

101 

99 

117 

(H20)e, gm 

650 

631 

666 

656 

647 

Collagen nitrogen, gm..,. 

4.84 

I 4.33 

4.46 

4.23 

’ 4.02 

AM* 

37 

34 

16 

-34 

4 

AC 

70 

49 

73 

30 

46 

AF 

-33 

-15 

-57 

-64 

-42 

A'ilf 

41 

24 

7 

-53 

-17 

A'C 

82 

51 

76 

20 

35 

A’F 

-41 

-27 

-69 

-73 

-52 


Dogs K, M, and Q were given intraperitoneal injections of 5 per cent glu- 
cose and Dogs Y and Z received similar injections of 5 per cent glucose 
containing 3.8 gm. of KCl per liter of solution in amounts of 100 cc. per 
kilo of body weight. The samples were obtained at from 4 to 4^ hours 
after the injection. 

* See the comments below Table II. 

reported by others. Hegnauer and Robinson (10) experimenting 
with cats noted an increase of the potassium content of the muscles 
in insufficiency. The total water content of the muscle was 
found to increase or to remain constant, and when an increase 
was encountered it was intracellular. In the muscles of adrenaloc- 
tomized cats, Darrow, Harrison, and Taffel (11) found a significan 
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increase in vrater and potassium and but little change in cUoride, 
sodium, phosphorus, and protein, the various values being ex- 
pressed in terms of 100 gm. of fat-free solids. It was observed 
further that both the intracellular and extracellular water in- 
creased by about 10 per cent; however, owing to the relatively 
greater volume of the intracellular water in skeletal muscle, the 
-larger part of the increase in total water was intracellular. 
Despite this apparent dilution of the cell solutes, the concentration 
of potassium in the intracellular water was found to remain un- 
changed. The latter authors obserr'ed that the changes in the 
skeletal muscles of adrenalectomized dogs are essentially the 
same as those in adrenalectomized cats. That is, the increase of 
muscle water was found to be chiefly intracellular, and the con- 
centrations of potassium in the intracellular water remained 
constant. In the skeletal muscle of rats in adrenal insufficiency 
Harrison and Darrow (12) found the concentrations of water and 
chloride to be unaltered, the sodium to be reduced, and the po- 
tassium to be strikingly elevated. It was concluded that the 
water content of the muscle cell is inversely related to the con- 
centration of sodium in the extracellular water. The results of 
the later experiments by Darrow, Harrison, and Taffel (11) on 
cats and dogs in adrenal insufficiency were also taken to support 
the concept that a lowering of the osmolar concentration of the 
e.xtracellular fluids accounts for the increase in the intracellular 
water in the muscles of such animals. That is, the transfer of 
water between the extra- and intracellular phases of skeletal muscle 
is the chief factor in the adjustment foUoudng a disturbance of 
osmolar concentrations . Harrop (9) found in adrenal insufficiency- 
in the dog that there is a decrease of the total volume of extra- 
cellular fluid. Since in their experiments no decrease in the 
r-olume of the e.vtracellular fluid of skeletal muscle (and liver) of 
animals in adrenal insufficiency was obserr'ed, Darrow, Harrison, 
and Taffel (11) pointed out that reser\-oirs of extracellular fluid 
other than those of muscle (and liver) must account for the de- 
crease in the volume of extracellular fluids. The latter authors 
suggested that subcutaneous tissues give up considerable amounts 
of water as well as sodium and chloride. 

In general, the results of the present experiments lend support 
to the concept that the changes of water in the skeletal muscles of 
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dogs m adrenal insujBSciency are associated with the electrolyte 
and water changes of the extracellular fluids. In agreement wtli 
the observations of Barrow and his coworkers (11, 12), a fall 
of the concentration of sodium in the extracellular water is associ- 
ated with a gain of intracellular water (decrease of solids). In 
contrast with the findings of the latter workers, however, some 
tendency toward a decrease in the extracellular phase of the 
skeletal muscle in adrenal insufiiciency was observed in the present 
experiments. This was accompanied by a definite fall of the 
sodium concentration and a tendency toward a decrease of the 
chloride concentration. The changes of the potassium content 
of the muscles are presented in Table V. The values are ex- 
pressed in terms of 1000 gm. of intracellular water. It will be 
observed that relative to the control value the concentration of 
potassium in the intracellular water in adrenal insufficiency was 
lowered in three experiments and elevated somewhat in three 
experiments. When the values were corrected to a solid content 
equal to that of the control, a gain of intracellular potassium was 
indicated in five experiments and an insignificant fall in one. 
In this connection it is of interest to observe the changes of the 
intracellular potassium in those animals allowed water but no 
food for a period of 5 days. In these experiments a gain of intra- 
cellular potassium was encountered in every instance, reaching 
a maximum of 16 milliequivalents in Dog I. It will be observed 
that while one may conclude that a gain of intracellular potassium 
of the skeletal muscles of dogs in adrenal insufficiency is fre- 
quently encountered it is not as striking as indicated by the ob- 
servations of others (11). 

Following the intraperitoneal injection of a solution containing 
glucose and potassium chloride, one animal (Dog Y) showed n 
gain of intracellular potassium, while the other (Dog Z) showed 
no change. Following the administration of potassium acid phos- 
phate there was no significant change in the intracellular 
potassium. 

Animals in Adrenal Insufficiency Treated with Cortical Extract 
The blood changes accompanying the clinical improvement of 
four dogs in adrenal insufiiciency following treatment xvith cortical 
extract alone were discussed in Paper I (14). It was found that 
following a period of 48 hours during which cortical extract hart 
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been administered (no food nor water) the concentration of sodium 
and chloride in the serum had increased with no evidence of 
blood dilution. It is of interest, therefore, to compare the elec- 
trolyte and water contents of skeletal muscles from these four 


Table V 

Changes of IniTacdlular Potassium of Dog Muscle 
The values are e.vpressed in terms of 1000 gm. of intracellular water. 


Dog 

potas- 

sium 

Solids 

Cor- 

rected 

potaa- 

sium* 

Chaose 

Comment 


rrutq. 

pm. 

m.«9. 

m.eg. 




Con- 

137 

393 






trol 








A 

113 

331 

135 

-2 

Adrenal insufficiency 


D 

128 

338 

149 

12 

(C 

tt 


E 

128 

339 

149 

12 

« 

tt 


N 

149 

352 

166 

29 


It 


R 

144 

363 

156 

19 

tt 

tt 


S 

148 

363 

160 

23 

tt 

tt 


T 

129 

341 

148 

11 

tt 

“ treated 

U 

139 

359 

152 

15 

tt 

(( 

tt 

V 

139 

358 

153 

16 

tt 

It 

tt 

IV 

141 

357 

155 

18 

tt 

II 

tt 

F 

137 

384 

141 

4 

1 5 days fasting 


G 

146 

391 

147 

10 

5 “ 

ir 


I 

148 

3S0 

153 

16 

5 “ 

ri 


K 

126 

352 

141 

4 

1 Intraperitoneal glucose 


M 

126 

363 

137 

1 ' ® 

tt 

II 


Q 

132 

352 

147 

10 

tt 

Cl 


Y 

147 

373 

154 

17 

tt 

rc 

+ KC1 

Z 

126 

365 

136 

-1 

tt 

tt 

tt 

0 

130 

385 

133 

4 

High potassium diet 


X 

137 

396 

136 

-1 

1 " 

ft tt 



* The potassium was corrected to an intracellular solid content equal to 
that of the control. 


animals with those reported above for dogs in adrenal insufficiency. 
The results of the analysis of the skeletal muscles are presented 
in Table VI. By comparing these data with those given in 
Table II, it will be observed that no marked changes accompanied 
the improvement in the animals' condition. Following the treat- 
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ment with cortical extract the average values for sodium and 
potassium were slightly higher while that of the chloride was 
slightly lower than the average levels in insufficiency. From 
Table V it will be seen that the concentration of potassium in the 
intracellular water was essentially equal to the control concentra- 
tion in three experiments and lowered somewhat in one. By 

Table VI 

Electrolyte and Water Content of Muscle from Dogs in Adrenal Insufficiency 
Following Cortical Extract Administration 


The values are expressed in terms of 1000 gm. of fat-free muscle. 



DogT 

DogU 

Dog V 

Dog W 

Avcraga 

Chloride, m.eq 

15.8 

13.2 

16.1 

14.3 

14.9 

Sodium, m.eq 

“ minus chloride. 

12.1 

18.5 

20.3 

20.2 

17.8 

771, eg 

-3.7 

5.3 

4.2 

5.9 

2.9 

Potassium, m.eq 

83.8 

91.2 

90.0 

91.8 

89.2 

Water, gm 

Extracellular phase, 

780.5 

763.5 

769.3 

767.5 

770.2 

(.F), gm 

Intracellular water. 

139 

no 

131 

120 

125 

(HjO),, gm 

643 

654 

640 

648 

647 

Collagen nitrogen, grn.... 

6.14 

i 5.55 

1 5.56 

i 4.86 

5.53 

AM* 

86 

6 

33 

24 

37 

AC 

95 

54 

57 

60 

66 

AF 

-9 

-48 

-24 

-36 

-29 

A'M 

139 

31 

56 

27 

63 

A'C 

134 

74 ‘ 

72 

64 

86 

A'F 

5 

-43 

-16 

-37 

-23 


In these four experiments the muscle samples were obtained 48 hours 
following the treatment of dogs in adrenal insufficiency with cortical ex- 
tract alone (no food nor water). For additional discussion see Paper I 
(14) dealing with the blood changes. 

* See the comments below Table II. 

correcting the intracellular potassium concentration to a solid 
content equal to that of the control, the gains of muscle cell po- 
tassium were found to be in the range observed in adrenal insuf- 
ficiency. Following the treatment with cortical extract there was 
a slight fall of the total muscle water which appeared to be due to 
a loss of extracellular water. The calculations of the changes 
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of the muscle phases relative to the control revealed that an 
absolute gain in the hulh of the muscle still persisted and vras 
the result of an increase in the intracellular phase and a relatively 
smaller decrease in the extracellular phase. By comparing the 
calculated muscle phase changes given in Tables II and Yl, it 
vill be observ'ed that the absolute gain in the bulk of the muscle 
vas somewhat less following the treatment with cortical extract. 
Further, the increase in the intracellular phase was also less, while 
the decrease in the extracellular phase w'as somewhat greater. 
In the light of the accompanying blood changes reported pre- 
■\uously one may infer that, following treatment with cortical 
extract, extracellular fluid had entered the circulation, thus de- 
creasing the magnitude of the extracellular phase. As a result of 
an accompanying excretion of water (and electrolytes) by way 
of the urine the concentration of sodium and chloride in the senim 
became increased. The decrease in the intracellular phase was 
associated with osmotic adjustments. 

The above results lead to the same conclusion as was arrived 
at previously (14) from studying the electrolyte and water changes 
of the blood in these animals. That is, they tend to minimize the 
importance of the correction of the electrolyte and water dis- 
turbances as a factor in the part played by the cortical e.xtract 
in restoring the animals to normal. Such correction is assumed 
to follow secondarily some other action or actions. 

Analysis of Heart Muscle (Left Ventricle ) — ^The results of the 
analysis of heart muscle obtained from several of the animals 
of the present study are presented in Table VII. To serve as 
a basis for comparison the average results of the analysis of the 
left ventricle from five normal dogs are also given. The data 
were treated in the same manner as those obtained from skeletal 
muscle. Since only a relatively few obser\’-ations were made, 
small changes from the control average are probably without 
significance. Obriously the calculations for the changes of the 
muscle phases can be regarded only as approximations. How- 
ever, they should give some indication of the direction of the 
changes. By comparing the various expeiimental values with the 
average control values, it will be observed that following the 
intraperitoneal injection of a solution of glucose containing potas- 
sium chloride (Dogs Y and Z) there was a tendency for the sodium. 



^ Table VII 

Electrolyte and Water Content of Left Ventricle of Dogs 
The values are expressed in terms of 1000 gm. of fat-free muscle. 


Electrolyte and Water Equilibria. 11 


00 T-4 o 
o cq wi 05 

CO CO 00 


ic lO rH o 

OOiCDCON- 
00 CO rti 


CO >o 

iO r-i I I 


CO 

to 

00 

o 



03 

CO 

d 

CO 

00 

00 

<N 

Cv| 

00 

00 

CO 







to 

CO 

00 

CO 

o 



l>I 

d 

rH 

CO 


00 

cq 

CO 

00 

00 

65 

to 





<N 

to 


M 

^ tH rH 


CO N 50 
rS O'! 


CO 05 05 O 
lii 

oil CO 


05 00 CO 

I CO 


M 

lO 


CO 

00 



>-< 

d 

d 

d 

00 


Cd 

65 

00 

oo 

to 


65 


eo to 00 

^ c4 05 CO v-l 

W <N 00 ^ 


lO to 00 00 
to IC CO 05 

csj CO 


C<1 00 00 to 

CS CS 00 t>. o 
|> 


N* 05 00 CO 

T-< fM 


to 

CO CO 


CO to 

,-H iO 


s S j 

ft a 

O ^3 

:2 a -a 

b OT 

o ^ 

^ 

O TO Pk 


s' -3 S 

S C^ 

S 2 pJ 
^ w ►S 


g § fe # 
§» s eu^ 


C5 >. 60 m 
O^hD 

.5 ^ 'o § 

S “ H g 

O - o u 
.•S > Cl c! 
J3 - 03 ••. 

2 

■g ^ a rt 

,5 to o o 

bJD M C5 
rt 5 *“ «3 

s o 

.2 2 cj 4* 

O !>, “ > 
H 03 o • rt 
O C3 c3 

TJ ‘S “ 2 

.a £ d 03 
I 3 o 

H 03 CO ^ 

-2 a 2 1 

“ :a ft ® 

U O o 03 

^-5 2! 


'd 2 o 2 
O * 03 Vj 

2 03 M 
d S 03 d 

03 .a 'a 

r . ^ 


!>i a d 

& H u 

Si“ 

0 -2 03- 

fi § g* 

55 '3 



Muntwj’^ler, Mellors, Maiitz, Mangun 383 

chloride, and water contents to fall. The potassium content 
appeared to be increased slightly and the potassium concentration 
per kilo of intracellular water was increased by a small amount 
(probably an insignificant increase). The calculations of the 
changes of the muscle phases relative to the control indicated an 
absolute decrease in the bulk of the muscle, which was chiefly the 
result of a decrease in the extracellular phase. 

In the two animab in adrenal insufficiency (Dogs N and S) 
the results were somewhat conflicting. Thus, the chloride was 
lower than the control value in one animal and slightly higher in 
the other, the sodium tended to be lowered in both, the total water 
was unchanged, and the potassium content was slightly higher. 
The potassium concentration per Mlo of intracellular water was 
low in one animal and increased in the other. The calculation 
of the changes of the muscle phases revealed no uniform direction 
of change. The analysis of the heart muscles from the four dogs 
(Dogs T, U, V, and W) treated with cortical extract revealed a 
slight tendency toward lowered levels of sodium and chloride. 
The potassium content and the potassium concentration per kilo 
of intracellular water were slightly above the control average in 
three experiments and below the average in the fourth. The 
calculations of the changes of the muscle phases indicated an 
absolute decrease in the bulk of the muscle, which was due chiefly 
to a decrease in the e.xtracellular phase. 

Attention should be called to the results obtained by Darrow, 
Harrison, and Taffel (11) on the anatysis of heart muscle from 
animals in adrenal insufficienQr. These authors pointed out 
that the changes in heart muscle are not so regular as those found 
in skeletal muscle. In the adrenalectomized cat it was found 
that heart muscle showed a significant increase in water and a 
questionably significant increase in potassium. In individual 
ex-periments the muscle potassium was definitely increased in 
some animals and lowered in others. It was concluded, there- 
fore, that the increase in cardiac potassium in relation to fatr-free 
solids may develop, but it is not a regular finding in adrenal in- 
sufficiency. Their obsenmtions indicated that the increase in 
cardiac water was largely extracellular, there being no evidence 
of a dilution of the cells. The analyses of the heart muscle from 
dogs indicated that the changes are like those encountered in the 
heart muscle of adrenalectomized cats. 
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The number of observations made in the present study are (oo 
few to allow definite conclusions. It is of interest, however 
that evidence of a tendency to a contraction of the extracellular 
phase of the heart muscle was encountered. in the animals studied 
following treatment with cortical extract, since the same change 
was indicated in the skeletal muscles of these animals. 


SUMMARY AND CONCLUSIONS 


A study has been made of the electrolyte and water content of 
the skeletal muscle (lumbar portion, sacrospinalis) of twenty- 
four normal dogs, seven dogs in adrenal insufficiency, and four 
dogs in adrenal insufficiency following treatment with cortical 
extract alone. A similar study has also been made on the skele- 
tal muscle from dogs following the intraperitoneal injections of 
glucose and glucose containing potassium chloride, and following 
the ingestion of potassium acid phosphate. In addition the re- 
sults of the analysis of the electrolyte and water content of heart 
muscle of five normal dogs and eight experimental dogs are 
presented. The various findings have been discussed and may 
be briefly summarized as follows: 

1. Content of Normal Dog Muscle — The analysis of normal skele- 
tal muscle yielded the following results when expressed in terms 
of 1000 gm, of fat-free tissue, chloride 19.5 milliequivalents ±2.7, 
sodium 28.2 milliequivalents ±3.2, potassium 83.5 milliequiva- 
lents ±5.5, and water 761.4 gm. ±7.8. 

Calculations which were made on the basis that the chloride of 
muscle is extracellular and at a concentration equal to that of 


an ultrafiltrate of serum gave an extracellular phase (F) of 159 
gm. ±22 per kilo of fat-free muscle and a water content of the 
intracellular phase of 718 gm. ±8 per kilo of muscle cells. 

The collagen nitrogen content of normal skeletal muscle (six- 
teen observations) was found to be 4.88 gra. ±0.6 per kilo. By 
characterizing the extracellular phase of muscle as consisting of 
extracellular fluid and connective tissue proteins and by making 


certain assumptions, it was found by calculation that the con- 
nective tissue phase of normal muscle amounts to 187 gm. ±21 
per kilo, containing 84.6 per cent water. As a result of the differ- 
ence in the magnitude of the extracellular phase, the water con- 
tent of the intracellular phase was found to be increased to r42 


gm. ±9 per kilo. 
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In a number of instances tbe changes of the muscle phases of 
the experimental muscles relative to the controls vere calculated 
not only on the basis of the uitrafiltrate chloride concentration 
alone but also by taking into account the approximate connective 
tissue contents. Such calculations revealed differences in the 
magnitude of the changes; however, the directions of the changes 
were the same and led to the same conclusions. 

2. Skeletal Muscle Changes in Adrenal Insufficiency — The out- 
standing changes of the skeletal muscles of dogs in adrenal insuffi- 
ciency were a loss of sodium and a gain of water. Associated 
with these changes there was a tendency for the chloride content 
to fall and the potassium to increase. Erddence that a gain of 
muscle cell potassium is iisually encountered in adrenal insuffi- 
ciency was presented. However, when this gain was compared 
with that obser\’ed in animals deprived of food for several days, 
it was not so striking. 

The calculations of the changes of the muscle phases relative 
to the control indicated that in adrenal insufficiency there is an 
absolute gain in the bulk of the muscle which is due to an increase 
in the intracellular phase. There was some tendency in the ma- 
jority of the experiments toward a decrease in the extracellular 
phase; however, such decrease was of real significance in only 
two experiments. 

It was concluded that in general the results of the present 
experiments support the concept that the changes of water in 
the skeletal muscles of dogs in adrenal insufficiency are associated 
with the electrolyte and water changes of the extracellular fluids. 

S. Skeletal Muscle Changes Following Treatment with Cortical 
Extract Alone — No marked electrolyte and water changes of the 
skeletal muscles from those encountered in adrenal insufficient^ 
accompanied the decided improvement in the animals’ condition 
following treatment with cortical extract alone. The average 
values for sodium and potassium were slightly higher, while that 
of chloride was slightly lower than the average levels found in 
adrenal insufficiency. The gain of muscle cell potassium was in 
the range obseived in adrenal insufficiency. A slight fall in total 
muscle water was indicated. The calculations of the changes 
of the mi^cle phases relative to the control revealed that an ab- 
solute gain in the bulk of the muscle still persisted and this was 



386 Electrolyte and Water Equilibria. II 

the result of an increase in the intracellular phase. and a smaller 
decrease in the extracellular phase. Evidence pointed to a greater 
contraction in the extracellular phase following treatment nith 
the extract than in adrenal insufficiency. 

The results of these experiments led to the same conclusion 
arrived at previously in the study dealing with the blood changes 
in these animals; namely, they tend to minimize the importance 
of the correction of the electrolyte and water disturbances as n 
factor in the part played by the cortical extract in restoring the 
animal to normal. Such a correction apparently follows second- 
ary to some other action or actions. 

4. Changes in Heart Muscle — ^No definite conclusions could he 
dra-\vn regarding the electrolyte and water changes of heart 
muscle in adrenal insufficiency, since only two animals were stud- 
ied and the results were conflicting. Evidence was presented 
that following treatment with cortical extract there was a tend- 
ency toward an absolute decrease in the bulk of the muscle which 
was apparently due to a decrease in the extracellular phase. 
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ELECTROLYTE AND WATER EQUILIBRIA IN THE DOG 

m. ELECTROLYTE AND WATER EXCHANGE BETWEEN 
TENDON AND BLOOD 

Bv EDWARD MUNT^^TTLER, ROBERT C. AIELLORS, FREDERICK 
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{From the Deparlmenis of Biochemislry and Surgery, School of Medicine, 
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(Received for publication, February 23, 1940) 

The electrolji« and water content of the skeletal muscles of 
normal animals and the changes encountered following various 
experimental procedures have received considerable attention 
in recent years. In such studies it has been customary to divide 
the muscle into extracellular and intracellular phases. In order 
to estimate the magnitude of the extracellular phase it has been 
assumed that there is little or no chloride in the muscle cells and 
that the chloride of muscle is present at a concentration equal to 
that of an ultrafiltrate of serum (1). Such calculations of the 
extracellular phase of the skeletal muscles of normal dogs have 
yielded values which vary from approximately 130 to 190 gm. 
per kilo of muscle (1, 2), containing 99 per cent water. As a 
resiilt of the recent studies by Manery (3) and Manery, Daniel- 
son, and Hastings (4) it appears that, rather than corresponding 
to an ultrafiltrate of serum, the extracellular phase is more ac- 
curately described as consisting of extracellular fluid and the 
connective tissue proteins. By taking into account the appro.xi- 
mate amount of connective tissue in skeletal muscle, Manery, 
Danielson, and Hastings (4) found that the ex-tracelliilar phase 
of rabbit muscle contains close to 22 per cent solids rather than 1 
per cent. The latter authors pointed out that by making such 
considerations the magnitude of the extracellular phase is in- 
creased and the per cent of water in the muscle cells is also in- 
creased. In Paper II we (2) attempted to approximate the 
connective tissue content of the skeletal muscles of normal dogs 
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and to estimate the changes in the magnitude of the phase bv 
applying the same considerations. The extracellular phase when 
calculated on the basis of the ultrafiltrate chloride concentra- 
tion alone amounted to 159 gm., with a standard deviation 
(o-) of 22 gm, per kilo of muscle, and the water content of the 
intracellular phase amounted to 718 gm., <r ±8, per kilo of mnsele 
cells. By taking the approximate connective tissue content into 
account, we found the magnitude of the phase to be increased 
to 187 gm., cr ±21, per kilo, containing close to 15 per cent solids, 
and the water content of the intracellular phase was found to he 
increased to 742 gm., <r ±9, per kilo of muscle cells. 

It is evident that it is desirable to determine any alterations 
of the connective tissue content when a- comparison of experi- 
mental with control muscles is made. In Paper II (2) the changes 
of the experimental muscle phases relative to the control were 
calculated in a number of instances by taking into account the 
alterations of the connective tissue content. "WTren the muscle 
phase changes calculated in this way were compared with those 
approximated in the usual manner, it was found that the magni- 
tude of the changes differed somewhat; however, the directions 
of the changes were the same and led to the same interpretations. 
In such calculations it was assumed, as by Manery, Danielson, 
and Hastings (4), that the connective tissue of muscle corresponds 
to tendon. The amount of connective tissue was approximated 
from determinations of the collagen nitrogen content and the 
amount of chloride and water it accounts for was based upon the 
analysis of tendon reported below. 

The experiments included in the present report were under- 
taken for the following purposes: (1) to determine the electrolyte 
and water content of the tendon from normal dogs, and (2) to 
observe the changes in tendon accompanying alterations of the 
electrolyte and water content of the serum. 

Methods 

The present experiments w'ere carried out in conjunction with 
the blood and skeletal muscle studies reported in Papers I and II 
(5, 2) and, with the exceptions of Dogs 1, 2, and 3, the tendon 
(achilles and quadriceps) Avas obtained from the same animal?. 
The sampling of the tendon and the methods of chemical analysis 
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were essentially the same as those described briefly for skeletal 
muscle (2). 


Results 

The results of the analysis of the serum and tendon from fifteen 
dogs for sodium, potassium, chloride, and water are presented in 
Table I. The results of the first five animals were employed to 
compute the average values for normal tendon. Dogs 0 and X 
were included in this group, since the serum values were within 
normal limits. The remaining ten dogs represent animals with 
rather marked electrolyte and water changes of the serum. 

From the data presented in Table I it will be obserr^ed that, 
when the values are expressed per kilo of water, the concentra- 
tions of the electrolytes in tendon tend to approximate those of 
serum. By comparing the average values of the serum and 
tendon from the first five dogs, it will be seen that the serum 
sodium is 14.5 milliequivalents higher, while the serum chloride 
and potassium concentrations are 1.3 and 6.6 milliequivalents, 
respectively, lower than the tendon values. Manery, Danielson, 
and Hastings (4), who compared serum and tendon from normal 
rabbits, have already emphasized the similarity of the electrolyte 
concentrations. Their observations led to the conclusion that 
the serum influences the chloride and sodium distributions be- 
tween tendon and serum in the same manner as between an ultra- 
filtrate and serum. In addition their results indicated that the 
tendon proteins do not have the same influence on the ionic 
distributions as the more soluble serum proteins. Thus, when the 
concentrations of chloride and sodium of tendon were compared, 
the following average ratios were obtained; namely, (Cl) ./(Cl), = 
0.88 and (Na),/(Na), = 0.83, which are in reasonable agreement 
with those obtained between serum and transudates (6) . Maneiy, 
Danielson, and Hastings (4) found, however, that when the tendon 
values were calculated from the serum concentrations and the 
GibbS'Donnan ratio, r = 0,95, the tendon chloride exceeded the 
calculated rvalue in all but one experiment, while the concentra- 
tions of tendon sodium were consistently lower than the calculated 
values. In a more recent study Manery and Hastings (7) ex- 
amined the electrolyte and water content of various tissues of 
rats and rabbits and were led to the conclusion that living mam- 



Electrolyte and Water Content of Dog Serum and Tendon 


Electrolyte and Water Equilibria, III 


+ + 



0 


0 


"0 

U2 

0 

0 

0 

V 

•fj 

0 ^ r. 

D 

c3 

rS “ 

'5 

0 

u 

'S 


4<9 


lO & 


s ^ 

O rf o § 

W M -S 


5|§ 

rH C3 05 

C3 03 0 C3 0 

0 0 rH 0 rH 

gig 

CO rH CD 03 

05 01 05* 05* 

l|l 

0.91 

J 0.91 

2 0.93 
j 0.91 

5 0.87 


03 <N <0 00 

LO r«- CO 10 00 

CO CO CO CO CO 

o fo^<» ^ cb 

1-4 CO ci 00 00 


O CD CO 
O 03 03 


CD 00 CO 03 
05 T-l CO* 05 


CO 10 03 
00 00 

o o o 

~iO o »o“ 

tH CO 00 
LD CO CO 
CO CD CO 


I-H "Ct^ 

O O 1-t 


r5 CD "e* CQ N 
03 O 03 C3 O Ci Cs 

O* rH o O ^ O 0 

CO 00 r-l iH w N « 

t-h O C5 w n c^* ci I 


o 03 CO 00 N H 

03 C3 00 00 C3 C3 

o o d o o o 

“00 iO 00 »D CO 6 

03 d 1-4 40 ■r*4 

« CD CD »0 

CD CD CO CD CD O 

^ CO 00 CO 00 C5 

CO d CD Jiij 

1-4 t-4 C5 iH IN 


O 03 03 

CO d 03 


00 CO rH 

ID d 


05 rH 03 *0 O ^ 

03 N W 4^ W 

^ ^ I rH »-< H 


CO C3 O 


00 i-H 03 
CO CO CD 


»0 to CO o o 
06 05 00 

T— ( 1—4 rH C5 »— 4 
C73 05 O 03 03 

’^ 05 t>~0~ 
b- C33 CO cO CO 


O I-H 
1-4 (N C5 


O rH rH 

S 59 

00 GO oo 


05 O 05 

O O T-H 


00 00 O O H H 

to to 00 d cj 00 o 

N CO CO CO £> 

^ ^ ^ rH rH iH H 

10 lO 40 4D I 

10 d CO d d o 
03 00 O GO S S Si 

00 W 03 00 CO C» w 

01 oT-^ ^ 

^v.* d d 00 ^ 2 

O O ^ ^ H 


CO CO 05 
CO CO eo ^ CO 


1-4 CO 00 c> 

CO* 06 05 05 

ID ID *0 40 40 


CO 05 CO 
CO CO d 


o 1-H eo 

rt4 10 


^ tH 01 to C3 <D I 

d »-4 GO d CO vC <5 1 

1—4 

IM 10 IM d ^ ' 

d 00 d tj d o M 

-3< C<3 CO ^ 2 A 


T-t IM CO Q }><^ 


^ M £-1 p g 



Muntwyler, Mellors, Mautz, Mangun 393 

maliaa tissues cannot be divided into intra- and extracellular 
phases in the same manner as muscle. Their observations indi- 
cated that for the purposes of an approximate description of 
tissues at least three chemically distinct phases are necessary; 
(1) an extracellular phase, {E)p, which is in ionic equilibrium 
with blood plasma and consists essentially of plasma ultrafiltrate 
and connective tissue proteins; (2) an intracellular phase, (C)i, 
which contains neither sodium nor chloride and is exemplified by 
muscle fibers; and (3) an intracellular phase, (C) 2 , which contains 
chloride and may or may not have sodium in equivalent propor- 
tions. In regard to tendon it was concluded (4, 7) that it con- 
sists almost entirely of the extracellular phase, {E)p. However, 
in view of the relative differences of the concentrations of chloride 
and sodium indicated above, it was concluded that there is present 
in addition a small intracellular phase, (C) 2 , which is relatively 
high in chloride and low in sodium. Emdence for the latter is 
also found in the observation that the potassium concentration 
of tendon is at least twice that of serum and the excess of potas- 
sium might be associated with this phase. Amberson, Nash, 
Mulder, and Binns (8) also concluded that some of the chloride 
of tendon must be intracellular, since the calculated chloride 
space was found to exceed the determined amount of water. 

From Table I it will be observed that the average concentra- 
tion ratios for sodium and chloride between serum and tendon 
in normal dogs, namely, (Na),/(Na), = 0.91 and CC1),/(C1), = 
0.99, agree rather well ndth those which have been reported for 
serum and transudates (6). Since the chloride ratios are above 
and the sodium ratios are below the Gibbs-Donnan ratio of 0.95, 
it is evident that the observed tendon concentrations in each case 
would be somewhat less than the corresponding concentrations 
calculated from the serum values and the ratio 0.95. It will be 
noted that the concentration of potassium in dog tendon is 
more than twice that of serum; i.e., (K)i/(K), = 2.6. The ex- 
planation for this relative excess of potassium in tendon is not 
entirely clear; however, it might be attributed to the presence of 
cells relatively devoid of sodium and chloride. When the gm. of 
water per kilo of tissue is calculated from the average values for 
the tendon chloride and the ultrafiltrate chloride concentration, 
a value of 642 gm. is obtained (78.7 X 0.95 X 1000/116.5 = 642)! 
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Thus, in contrast with the observation of Aixibei’son et al (8) 
who studied the tendon from cats, the calculated water contciit 
is somewhat less than the determined values. 

From the results of the present experiments it appears llnne^ 
essary to assume the presence of an intracellular phase in dog 
tendon which contains relatively more chloride than sodium. 
Since the concentrations of sodium and chloride in dog tendon 
are at the levels one would anticipate for a simple ultrafiltrate of 
serum, it appears that the tendon may be described as consisting 
chiefly of connective tissue proteins diluted with serum ultra- 
filtrate. 

By comparing the average values for the two groups of animals 
presented in Table I, it will be seen that in general the changes in 
serum were associated with parallel changes in the tendon. Thus, 
it will be observed that with an average fall of the serum water 
of 29.6 gm. per kilo there was an average decrease of the tendon 
water of 19.7 gm. per kilo. The tendon water calculated from 
the average values for tendon chloride and the ultrafiltrate chlo- 
ride concentration amounts to 638 gm. per kilo (74.4 X 0.95 X 
1000/110.8 = 638), compared -with the calculated value of 642 gm. 
for normal tendon. This apparent decrease of the tendon water 
is of some interest, since in the skeletal muscles of these animals 
(2) a tendency toward a decrease in the magnitude of the extra- 
cellular phase was noted. (Some tendency toward a decrease in 
the magnitude of the extracellular phase of the skeletal muscles 
of Dogs 0 and X was also indicated (2).) With a fall of the so- 
dium and chloride concentrations of the serum there appeared to 
be a relatively greater loss of sodium than chloride from tendon. 
Thus, the average ratio (Na)//(Na), was found to be 0.88, while 
that for chloride, (C1),/(C1){, was found to be 0.97. Whereas the 
finding was not entirely regular, there was an evident tendency 
for the concentration of potassium in tendon to be increased 
when the serum potassium concentration was raised. 

It will be observed that on the whole the various distribution 
ratios obtained in these animals do not differ greatly from those 
observed with the normal animals. Therefore, within limits, i 
appears that the changes of the electrolyte concentrations of dog 
tendon accompanying changes in the serum are such as to es- 
tablish ionic (Donnan) equilibrium. 
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SUMMARY AND CONCDUSIONS 

The tendons from five dogs -with normal serum electrolyte pate 
ims and from ten dogs ■with rather marked serum electrolyte 
nd ■water changes have been analyzed for sodium, potassium, 
hloride, and water. The results have been discussed briefly 
nd may be summarized as follo^ws: 

1. The tendon from normal dogs yielded the follo^wing average 
esults when expressed in terms of a kilo of fa^t-free tissue; sodium 
3.4 milliequivalents, potassium 6.1 milliequivalents, chloride 
8.7 milliequivalents, and water 668.3 gm. 

2. The average concentration ratios for sodium and chloride 
letween serum and tendon in normal dogs were foimd 'to be 
Na)i/(Na), = 0.91 and (Cl)./(Cl)t = 0.99. Since the concen- 
rations of sodium and chloride of tendon were essentially equal 
o those of an ultrafiltrate of serum, it was concluded that there 
3 little e^vidence for the presence of an intracellular phase in dog 
endon which is relatively high in chloride and low in sodium. 
The average potassium concentration ratio of (K)i/(K), = 2.6 
vas taken to indicate the presence of a small intracellular phase 
vhich contains potassium but which is relatively devoid of sodium 
ind chloride. It was concluded that dog tendon may be described 
IS consisting chiefly of connective tissue proteins diluted -with 
serum ultrafiltrate. 

3. Within limits, it appeared that the changes of the electrolyte 
loncentrations of dog tendon accompanying changes in the serum 
ire such as to establish ionic (Donnan) equilibrium, 
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THE INFLUENCE OF STRUCTURE ON THE 
ELIMINATION MAXIMUM 

I. THE STRUCTURE OF VITAMIN A;* 

Bt E. LeB. gray aot JOHN D. CAWLEY 
i^Frotn the Laboratories of Distillation Products, Inc., Rochester, A ew YorL) 

(Received for publication, March 11, 1940) 

Previous vrork has indicated that at very lovr pressures, 10 ft or 
less, the addition of one CHj group to a compound causes a rise 
of 5° in the elimination maximum (1). In other words, the 
elimination maximum of each member of a homologous series is 
believed to be o'" higher than the one preceding it. The precession 
of elimination maxima is of some value in vitamin research and 
we may consider it now in connection with vitamin A. Gillam 
et al. (2) have postulated that vitamin A? is a higher homologue 
of vitamin A, containing 2 more carbon atoms and one more 
double bond. One of us (3) has compared the elimination maxima 
of the two vitamins, and has found that the ma.ximum of vitamin 
Aj is only 3° higher than that of A, suggesting that the two do not 
differ by as much as 2 carbon atoms. However, since the elimina- 
tion ma.ximum of vitamin A- is 3° higher than that of A, it is of 
interest to determine whether the difference can be accounted for 
by the additional conjugated double bond postulated by Gillam 
et al. We have, therefore, extended our investigations to include 
the effect of various tj^pes of unsaturation on the elimination 
maximum. 

The determinations were carried out with fatty acids for the 
following reasons, (1) the5' have elimination maxima in the same 
region as vitamins A and As; (2) they are easily estimated by 
titration in a neutral oil such as sjmthetic constant jdeld oil (4); 
(3) sufficient members of the series are available or can be pre- 
pared to make the desired comparisons. Laurie, mjTistic, pal- 

* Communication No. 17 from the Laboratories of Distillation Products 
Inc. ’ 
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mitic, stearic, oleic, linoleic, 9,11-linoleic, and a-eleostearic acids 
were included in the series. 

A note on the effect of impurities on the elimination maxima 
of the acids should be included at this point. The contaminating 
acid may be either higher or lower in the series than the acid under 
investigation. It was found that there is a linear relationship 
between the amount of impurity and the shift in elimination 
maximum. An example may be cited. Stearic acid has a maxi- 
mum at 118°, while that of palmitic acid is 108°. A mixture of 
90 per cent stearic acid and 10 per cent palmitic acid is found to 
have a maximum at 117°. Since the limit of error is ±1°, this 
10 per cent impurity would scarcely cause a significant alteration 
in the maximum. Obviously if the maxima of the two substances 
in the mixture were less than 10° apart, the alteration in the 
maximum would be less than 1°, still on the assumption of the 
9:1 ratio. 

EXPERIMENTAL 

Materials 

Stearic acid, m.p. 69°, palmitic acid, m.p. 61-61.5°, and lauric 
acid, m.p. 43-43.5°, were obtained from the Eastman Kodak 
Company. Myristic acid as received from both the Eastman 
Kodak Company and the Pfanstiehl Chemical Company gave 
maxima 3° or 4° below theory. However, the Pfanstiehl sample 
recrystallized twice from ethanol-water, m.p. 52-53°, gave the 
expected maximum. Oleic acid, m.p. 13°, iodine No. 89.0, and 
linoleic acid, m.p. -7°, iodine No. 183.0, were prepared from the 
acids of olive oil and California walnut oil, respectively, by the 
methods of Brown and coworkers (5, 6). a-Eleostearic acid, m.p. 
45-46°, was prepared from tung oil. 9,11-Linoleic acid, m.p. 
53°, iodine No. 129.8, Ejl. (230 m^) equal to 992 in absolute 
ethanol, was prepared by distilling crude ricinelaidic acid in the 
presence of anhydrous AI2O3 at 30 mm. (7). According to van der 
Hulst (8), is equal to 1200 for the pure acid. 

Method 

3 gm. of the acid were dissolved in 50 ml. of constant yield oil 
and 150 ml. of corn oil residue,^ and distilled analytically (9) in a 

1 Commercial corn oil from which the volatile constituents have been 
removed, leaving only the higher triglycerides. 
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500 ml. cyclic molecular still, with a 10 minute cycle 10 
temperature intervals. For analysis, each fraction was dissolved 
in 20 ml. of neutralized ethanol and titrated against phenolphtha- 
lein with 0.1 N aqueous NaOH. In order to avoid cry^allization 
of the higher melting acids, with attendant chance of loss and 
error, cooling of the condenser was dispensed with. Eepeated 



60 70 80 90 loo 110 120 ISO 140 ISO 

temp, of distillano. 'c temp, of distilland. 'c 

Fig. 1 Fig. 2 


Fig. 1. Elinunation marima of saturated fatty acids. Curve A, laurio 
acid; Curve B, myristic acid; Curve C, palmitic acid; Curve D, stearic acid. 
The temperature indicated on each curve is the elimination maximum of 
that curve. 

Fig. 2. Elimination maxima of various unsaturated acids as com- 
pared to stearic acid. Curve A, linoleic acid; Curve B, oleic acid; Curve C, 
stearic acid; Curve D, 9,11-linoleic acid; Curve E, a-eleostearic acid. The 
temperature indicated on each curve is the elimination maximiun of that 
curve. 

distillations of linoleic acid both with and without this cooling 
showed that no error was introduced, the total deviation being 1®. 

DIBCUBSIOK 

The elimination curves and maxiina are given in Figs. 1 and 2. 
Fig. 1 shows a comparison between the straight chain saturated 
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acids Ci 2 , Cu, Cie, and Cis. As may be seen, there is a 10° tem- 
perature rise between successive acids, corresponding to 5° 
for each CHj group. In Fig. 2 is shown the effect of unsaturation 
upon the maximum. A group of unsaturated Cis acids is com- 
pared with stearic acid. Unsaturation without conjugation lowers 
the maximum 2°,* e.g., oleic acid is 2° below stearic acid, and lino- 
leic acid is 2° below oleic. However, when the double bonds are 
in conjugation, the maximum is raised. Thus a-eleostearic acid 
has a maximum 9° higher, and 9,11-linoleic acid 6° higher, than 
stearic acid. Since eleostearic acid has three conjugated double 
bonds, and since its maximum is approximately 3° higher than 
9,11-linoleic acid with two conjugated double bonds, the addi- 
tional conjugated double bond has raised the maximum 3°. 
Preliminary work on sterols indicates that an additional con- 
jugated double bond in a ring raises the elimination maximum in 
the same manner as does one in a chain. This agrees with the 
findings for vitamins A and A 2 . As vitamin A 2 has one more 
conjugated double bond than vitamin A, and its maximum is 3° 
higher, it probably has the same number of carbon atoms as 
vitamin A. 


SUMMAEY 

1. A comparison of the elimination curves of lauric, myristic, 
palmitic, and stearic acids has confirmed the postulate that one 
CH 2 group raises the elimination ma.ximum 5°. 

2. A comparison of the elimination curves of oleic, linoleic, and 
stearic acids shows that each non-conjugated double bond lowers 
the maximum 2°. However, when the double bonds are con- 
jugated, each additional double bond raises the maximum 3°, 
as shown by a comparison of the curves of stearic, 9,11-linoleic, 
and. a-eleostearic acids. 

3. Our observations are in accord with the view that vitamin 
A 2 contains the same number of carbon atoms as vitamin A but 
differs in that it has one additional conjugated double bond. 
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The present report is a continuation of studies carried out in 
this laboratorj’’ on the chemistry of the lipids of ttvo pathogenic 
3 'easWike fungi, Blastomyces dermaiidiiis and Monilia albicans. 
The pre%’ious reports (1) dealt with the lipids extracted by alcohol, 
ether, and chloroform at room temperature. These lipids, making 
up about 10 per cent of the cells of Blastomyces dermatidiiis and 
5 per cent of Monilia albicans, were foimd to be mixtures of leci- 
thin, cephalin, gli'cerides, free fatty acids, and sterols. The 
present report is concerned with the lipids j'et remaining in the 
cells of these organisms after the above extractions. 

From both organisms the remaining lipids were extracted in 
three fractions: Fraction I, bj' boiling neutral alcohol; Fraction 
II, bj^ boiling solvents containing hj'drotytic reagents; and Frac- 
tion III, b}^ ether, after the cell residues were dissolved in hj'dro- 
chloric acid. Fractions II and III represent firmly boimd lipids. 
These three fractions together formed 5.7 per cent of the cells 
of Blastomyces dermatiditis and 8.6 per cent of Monilia albicans. 

The corresponding fractions isolated in the present studj' from 
both fungi were closety similar in composition. Fraction I in 
both cases was a nuxture which could be separated into three 
parts by means of differences in solubility. These were Fraction 
I-a, a white amorphous powder having a nitrogen to phosphorus 
ratio of about 2:1, evidentty a phosphatide; Fraction I-b, a buff- 
colored amorphous powder containing about 7 per cent of nitrogen 
and considerable polj^saccharide but only traces of phosphorus; 
and Fraction I-c, a brown oil jnelding sterols, gtycerol, and 
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palmitic, stearic, oleic, and linoleic acids on saponification. Frac- 
tion II from both fungi was a brown oil similar to Fraction I-c 
and yielding the same substances on saponification. Traces of 
carbohydrates were also observed in the saponification mixtures 
from Fraction II. It is possible that polysacchai'ides originally 
formed a part of the bound lipids but were split off as a result of 
the hydrolytic extraction procedures. Incompleteness of such 
splitting' would account for the traces of polysaccharides found 
among the saponification products of the lipids. Fraction III 
from both organisms was a pale yellow oil consisting of fatty acids 
and sterols. This fraction represents only the ether-soluble part 
of the remaining bound lipid material. The isolation of the 
bound lipids of these organisms in a relatively unchanged state 
remains a problem for future study. 

It should be mentioned that the fungus-bound lipids which 
were isolated as an oil differed distinctly from the bound lipids 
of the acid-fast group of bacteria studied by Anderson and co- 
workers (2). The latter substances were white powders yielding 
hydroxy acids of high molecular weight and specific polysac- 
charides on saponification. In appearance at least, the bound 
lipids of the fungi resembled those of Phytomonas tumejaciens 
reported by Geiger and Anderson (3). 

EXPERIMENTAL 

The cells of Blastomyces dermalidilis and Monilia albicans used 
in the following experiments had been thoroughly extracted at 
room temperature with alcohol-ether mixtures and chloroform 
and dried in vacuo over sulfuric acid. The cells were then ground 
in a ball mill. 

In all operations dealing with unsaturated lipids, carbon dioxide 
or nitrogen atmospheres were maintained where possible. Ether 
and alcohol were distilled over potassium hydroxide. 

Extraction of Lipids— A 36.32 gm. sample of Blastomyces dcr- 
maiidiiis cells dried to constant weight over phosphorus pentoxide 
was placed in a 1 liter bolthead flask equipped with a reflux con- 
denser attached by a ground joint. The sample was then re- 
fluxed successively four times with alcohol. The extracts were 
filtered off Avhile still warm. The cells were washed once with 
warm alcohol, then quantitatively transferred back into the ex- 
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traction flask -srith the aid of the succeeding lot of solvent, and 
refluxing vas begun again. The four extracts were combined 
and treated as described belov, jnelding Fraction I. A subse- 
quent extraction was made vith boiling ether. 

The cells were then successively extracted in the same manner 
with alcohol containing 1 per cent of hydrochloric acid, alcohol- 
ether (1:1) containing 1 per cent of hydrochloric acid, and alcohol 
containing 2 per cent of potassium hydroxide. These three ex- 
tracts were saved and treated as described below, yielding 
Fraction II. 

After the above extractions, the cells were dried and 0.5 to 1.0 
gm. samples were dissolved in hydrochloric acid and extracted 
with ether, according to the method described by Turpeinen 
(4). The ether extracts were washed with water, dried, and 
evaporated, 3 'ielding Fraction III. 

Isolation of Lipids — In the combined alcohol extracts of the 
cells, a precipitate had formed on cooling to room temperature. 
After standing 2 daj’S in the refrigerator, this precipitate was 
centrifuged off, washed with alcohol, and dried. In this manner 
there was obtained 0.106 gm. of a white powder, Fraction I-a, 
which formed 0.29 per cent of the cells. The supernatant solu- 
tion and washings from the isolation of Fraction I-a were con- 
centrated to diyness under reduced pressure, and extracted with 
ether. An insoluble residue remained, part of which was soluble 
in warm absolute alcohol. On addition of 2 volumes of acetone 
to the alcohol extract, a buff-colored precipitate. Fraction I-b, 
was obtained. This was reprecipitated in the same waj' and when 
dried weighed 0.035 gm., 0.10 per cent of the cells. The ether 
extract mentioned above was washed with water, dried, and 
evaporated, leaving a dark brown oil weighing 0.8450 gm., 2.33 
per cent of the cells. This was designated Fraction I-c. 

The ether extract of the cells was evaporated, leaving 0.030 
gm. of a brown oil. This was combined with Fraction I-c. 

The acid alcohol extracts were neutralized and concentrated 
to small volume under reduced pressure. Water was added and 
the lipids were extracted with ether. The ether extract was 
washed with water, dried over sodium sulfate, and evaporated, 
leaving 0.2130 gm. of a brown oil, 0.59 per cent of the cells. This 
V as called Fraction Il-a. The acid alcohol-ether extracts treated 
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in the name manner yielded 0.0768 gm. of brown oil, 0.21 per cent 
of the cells. This wan called Fraction Il-b. The alkaline alcohol 
extract was concentrated to small volume undei’ reduced pressure. 
Water was added and unsaponifiable lipid material was extracted 
with ether. After removal of unsaponified lipids, the water solu- 
tion was acidified with hydrochloric acid, and fatty acids were 
extracted with ether. The two ether extracts were washed and 
dried in the usual manner and yielded on evaporation 0.0103 gm. 
of fatty acids and 0.0241 gm. of non-saponified material. This 
material, Fraction II-c, formed 0.09 per cent of the cells. 

The ether extracts of the cell residues dissolved in hydrochloric 
acid were washed with water, dried over sodium sulfate, evapo- 
rated, and weighed. The residue in each case was a pale yellow 


Table I 

Fractions of Lipids Isolated from Blastomyces dermatiditis and Monilia 

albicans 


Fraction No. 

BlastomycM dermatiditis 

Monilia albicans 



per cent 


per cent 

I 


2.80 


3.42 

II 


0.89 


1.22 

III 

0.7264* 

2.00 

■Bl 

4.00 

Total 

2.0666 

5.69 

2.5225 

8.64 


* Calculated on the basis of determinations on small samples. 


oil, Fraction III. Three determinations were made on the cell 
residues of each sample and the results were averaged. 

Table I summarizes the data on yields of the three fractions. 
A 29.19 gm. sample of Monilia albicans cells was treated as 
described for the sample of Blastomyces dermatiditis cells. The 
yields of the three fractions are given in Table I. 

The weights and percentages of the subfractions from Monilia 
albicans were as follows; Fraction I-a, 0.277 gm., 0.95 per cent, 
Fraction I-b, 0.057 gm., 0.20 per cent; Fraction I-c, 0.6643 gm., 
2.28 per cent; Fraction Il-a, 0.2230 gm., 0.76 per cent; Fraction 
Il-b, 0.0954 gm., 0.33 per cent; and Fraction II-c, 0.0378 gm., 

0.13 per cent. _ 

Duplicate samples of both Blastomyces dermatiditis and MoniLia 
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albicans cells ■were extracted as described above. The results 
agreed vei 3 ’' closely ■with those in Table I. The amounts of the 
various subtractions obtained also agreed ■well 'with the percentage • 
reported here. 

Examination of Fractions — Fraction I-a from both organisms 
was a white powder, soluble in hot alcohol. After reprecipitation 
from this solvent, the substance was in each case analyzed for 
nitrogen and phosphorus. 

Microanalysis — 

Fraction I-a from 

Blastomyces dermatidilis. Found. N 3.00, P 2.55, N:P 2.6 

Monilia albicans. “ “ 1.21, “ 1.38, “ 1.9 

WTien stirred up in water, the substance from Blastomyces 
dermatiditis gave a positive Molisch test for carbohydrate. How- 
ever, the powder was practically insoluble in water and in acid 
or alkaline aqueous solutions. The substance was somewhat 
soluble in pjoridine, going verj’’ slowly into solution. From pjTri- 
dine solution it could be completely precipitated by the addition , 
of 1 volume of cold acetone. In chloroform-methyl alcohol 
mixture (1 : 1), in hot acetone, and in warm ether the substance 
was slightly soluble. When stirred up in carbon tetrachloride 
and treated with bromine, the substance absorbed a small amount 
of bromine, indicating the presence of unsaturation. Saponifica- 
tion with alcoholic potassium hydroxide jdelded fatty acids and 
water-soluble material. During the saponification, an insoluble 
substance appeared on the walls of the flask. This was found 
to be a carbohydrate. The water-soluble part consisted of carbo- 
hydrates and nitrogenous substances which have not been identi- 
fied. Fraction I-a from Monilia albicans showed essentially the 
same properties as Fraction I-a from Blastomyces dermatiditis. 

Fraction I-a from both fungi thus appeared to be a phosphatide 
possessing properties somewhat similar to those of sphingomyelin. 
Insufficient material was available for further study. Traces of 
this material were observed in the acid alcohol extracts of both 
fungi. 

Fraction I-b from Blastomyces dermatidilis was a buff-colored 
powder, partially soluble in water. It gave a positive Molisch 
reaction for carbohydrate. When stirred up in carbon tetra- 
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chloride and treated with bromine, it absorbed no bromine, in- 
dicating that it was a saturated compound. Saponification 
showed the presence of fatty acids, a polysaccharide, and nitrog- 
enous compounds. The corresponding fraction from Monilia 
albicans possessed like properties. 

Microanalysis — 

Fraction I-b from 

Blastomyces dermatiditis. Pound. N 7,5, P traces 
Monilia albicans. “ " 7.0, “ “ 

Fraction I-c from both organisms was a brown oil containing 
only traces of phosphorus and nitrogen. It was saponified in 


Table II 

Fatty Acids and Unsaponifiable Material in Lipid Fractions of Blastomyces 
dermatiditis and Monilia albicans 



Praotion No. 

Sample 

Fatty acids 
isolated 

TJnsaponiBablo 
material isolated 



pm. 

pm. 

percent 

pm. 

per cent 

Blastomyces 

I-C 

0.8442 

0,3080 

36.5 

0.4940 

58.5 

dermatiditis 

Il-a 

0.2100 

0.0643 

30.6 

0.1380 

65.7 

1 

II-o 


0.0103 

29.9* 

0.0241 

70.1* 


Mixed bound 

0.6000 

0.2396 

39.9 

0.3284 

54.7 


lipids 





1 

Monilia albicans 

I-c 

1.688 

1.015 

60.1 

0.3920 

23.2 


Il-a 

0.2200 

0.1157 

52.6 

0.0968 

44.0 


II-C 


0.0082 

21.7* 

0.0296 

78.3’ 


* Calculated on the basis of total ether extract. 


both cases by refluxing for 7 hours with 4 per cent alcoholic potas- 
sium hydroxide. After removal of most of the alcohol and dilution 
with water, the unsaponifiable material was extracted with ether. 
The ether extract was washed with water and dried over sodium 
sulfate. The ether was removed and the unsaponifiable material 
weighed. The aqueous solution containing the soaps of the fatty 
acids was acidified with hydrochloric acid and extracted with 
ether. The ether extract was washed with water, dried over 
sodium sulfate, and evaporated to dryness. The residue of fatty 
acids was weighed. The results are summarized in Table II. 

Fractions II and III represent bound lipids, since some hy- 
drolysis was necessary before they could be removed. Fractions 
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Il-a and Il-b from both fun^ were brown oils similar in appearance 
to Fraction I-c. They were saponified in the same manner, and 
the results appear in Table II. Since the extraction of Fraction 
II-c actually saponified this fraction, the data on the amounts of 
fatty acids and unsaponifiable material obtained are also included 
in Table 11. A sample of mixed bound lipids obtained from 
Blastomyces dermatiditis in another experiment was saponified 
as described above. The data are given in Table II. 

The data in Table II show an unusually large percentage of 
unsaponifiable material in the bo\md lipid fractions of both 
Blastomyces dermatiditis and Monilia albicans. In almost every 
case, there is considerably more unsaponifiable material than in 
the lipids extracted vlth neutral solvents. The percentage of 
fatty acids is correspondingly lower in the bound lipids than in 
the easily extracted lipids. These results are not due to incom- 
plete saponification of the bound lipid fraction, for resaponification 
of the combined unsaponifiable fractions gave no further yields 
of fatty acids. 

Fatty Acids— All of the crude fatty acid fractions isolated were 
brown semicrj’stalline masses. The acids from Fraction I of 
Blastomyces dermatiditis and the acids from the mixed bound 
lipids of this organism were titrated in neutral alcohol with 0.1 N 
potassium hydroxide, giving neutral equivalents of 271 and 273, 
respectively. The corresponding fractions from Monilia albicans 
gave neutral equivalents of 274 and 276. In view of the similarity 
in neutral equivalents, the acids of all three fractions of each or- 
ganism were worked up together. Separation of the mixed acids 
of Blastomyces dermatiditis into satiuated and rmsaturated frac- 
tions by the Twitchell (5) method gave approximatelj^ 45 per cent 
of saturated acids and 55 per cent of unsaturated acids. Similar 
treatment of the mixed acids from Monilia albicans lipids gave 
approximately 40 per cent of satiuated acids and 60 per cent of 
unsaturated acids. The saturated acids of both organisms ap- 
peared to be mixtures of palmitic and stearic acids. All of the 
unsaturated acid fractions from the two organisms had iodine 
numbers between 90 and 100, as determined by the Rosenmund- 
Kuhnhenn method (6). On bromination of these unsaturated 
fractions in cold light petroleum ether, verj' small amounts of 
insoluble material, eiddently tetrabromostearic acid, were ob- 
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tained. This insoluble bromide from the unsaturated fractions 
of both fungi melted at 111-113°, but insufficient material was 
available for recrystallization or analysis. The main product 
of bromination in both cases was a pale brown oil, probably 
dibromostearic acid. The data indicate that oleic and linoleic 
acids make up the unsaturated fractions of the fatty acids from 
the alcohol-soluble lipids and the bound lipids of both fungi. 

Unsaponifiable Material — ^The unsaponifiable fractions of all 
the lipid extracts described in this report were browm oils from 
which white crystals separated on standing. All of these fractions 
gave qualitative tests indicating the presence of sterols. Colori- 
metric sterol determinations were made by the Bloor (7) method. 
With ergosterol as standard, 20.4 per cent of sterols in the mixed 
unsaponifiable material from Fractions I and II of Monilia al- 
bicans was found, and 8.4 per cent in the unsaponifiable material 
from Fractions I and II of Blastomyces dermaiidilis. Calculated 
on the basis of total lipids isolated, this corresponded respectively 
to 0.24 per cent and 0.40 per cent of the cells of the two fungi. 

In a separate experiment, 63 gm. of Monilia albicans cells, 
previously extracted with alcohol and ether, were extracted over- 
night at room temperature wdth 300 cc. of 2 per cent potassium 
hydroxide in 25 per cent alcohol. The suspension was centrifuged 
and the supernatant solution saved. The moist cells were sus- 
pended in 500 cc. of 95 per cent alcohol containing 4 per cent 
potassium hydroxide, and kept at 40° for 7 hours. The cells 
were then filtered off and %vashed with alcohol. Filtrate and 
w'ashings were combined with the supernatant solution from the 
25 per cent alcohol extract ■which had been treated with 2 volumes 
of alcohol and centrifuged to remove polysaccharides. The 
combined solutions were concentrated under reduced pressui-e to 
small volume, diluted with water, and extracted with ether. The 
ether extract was dried over sodium sulfate and evaporated, yield- 
ing 0.294 gm. of unsaponifiable material. When this was dis- 
solved in 25 cc. of hot 80 per cent alcohol and treated with^ an 
excess of digitonin, there was obtained 0.442 gm. of digitonide, 
corresponding to about 0.110 gm. of sterol (0.18 per cent of the 
cells). After the unsaponifiable material was removed, the 
saponification mixture was acidified. The fatty acids which 
were isolated in the usual manner weighed 4.995 gm. (7.93 per 
cent of cells). 
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In a similar experiment 36.3 gm. of Blastomyces dermalidiiis 
cells, pre'riously extracted ■nith alcohol and ether, were extracted 
with 500 cc. of 4 per cent potassium hydroxide in 95 per cent 
alcohol for 7 hours at 40°. The suspension was filtered while 
warm, and the cells washed with alcohol. The extract and wash- 
ings were concentrated and the lipids isolated as described above. 
There were obtained 73 mg. of unsaponifiable material which 
jnelded 38 mg. of digitonide corresponding to about 9 mg. of 
sterol (0.03 per cent of cells). The fatty acids isolated weighed 
34 mg. (0.09 per cent of cells) . Subsequent treatment v.-ith 300 cc. 
of alkaline 25 per cent alcohol and reextraction with 500 cc. of 
4 per cent potassium hj'droxide in 95 per cent alcohol removed 
only 25 mg. more of lipid material. 

Water-Soluble Material — The presence of glycerol in the water- 
soluble portions of aU of the lipid fractions was indicated by the 
acrolein test. In the case of the combined water-soluble portions 
of the Blastomyces dermatiditis-hound lipids, neutralization, evapo- 
ration to drjmess, and extraction with absolute alcohol yielded a 
small amoimt of thick brown sjTup. Benzojdation of this sjTup 
by the method of Einhom and Hollandt (8) jielded glycerol 
tribenzoate, melting at 75-76®. When mixed nith authentic 
glycerol tribenzoate, there was no depression of the melting point. 
The presence of glycerol in the bound lipids of Blastomyces der- 
matiditis is thus established. A positive Molisch test was given 
by all the water-soluble portions, indicating the presence of at 
least traces of carbohydrates. 

This work was supported in part by a grant from the Duke 
University Research Council. 

SUMMARY 

1. The two pathogenic fungi, Blastomyces dermaliditis and 
Monilia albicans, after thorough extraction at room temperature 
with alcohol, ether, and chloroform, still contained respectively 
5.7 and 8.6 per cent of lipid material. This was partly removed 
b 3 ' boiling alcohol. The remaining lipid material, the bound 
lipids, was removed by hydrolytic extraction procedures. - 

2. The hot alcohol extracts of both fungi contained (1) a phos- 
phatide with an N;P ratio of about 2:1, (2) a nitrogenous lipid 
containing about 7 per cent of nitrogen, and yielding fatty acids 



412 


Pathogenic Fungi, III 


and polysaccharides on saponification, and (3) an oil jnelding 
fatty acids, sterols, and glycerol on saponification. 

3. The bound lipids of both organisms were brown oils which 
appeared to contain palmitic, stearic, oleic, and linoleic acids, 
glycerol, and sterols. 
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ON THE SYNTHESIS OF SERINE 

By JOHN L. WOOD and VINCENT du VIGNEAUD 

{From the Depariment of Biochemistry, Cornell University Medical College, 

New York City) 

(Received for publication, March 29, 1940) 

In a recent communication Schiltz and Carter (1) have pointed 
out the difficulties encountered in the synthesis of hydroxyamiuo 
acids including serine, and have offered a new synthesis for the 
latter based on the formation of methyl a-bromo-^-methoxypro- 
pionate. The latter compoimd was formed by the addition of 
methyl alcohol and mercuric acetate to methyl acrylate. It 
occurred to us that this intermediate or a similar one could be 
prepared for this purpose by the reaction of sodium methylate or 
ethylate with the methyl or ethyl ester of a,j3-dibromopropionic 
acid and thus the use of mercury salts could be circumvented. 
The work of Michael (2) with ethyl dibromopropionate led us to 
believe that this method of approach to the synthesis of serine 
might be feasible. The dibromo esters can of course be readily 
prepared by the bromination of methyl or ethyl acrylate, both of 
which are now commercially available. 

In his studies on ethyl a,/S-dibromopropionate h'lichael found 
that an ethoxy bromopropionate was produced by the action of 1 
mole of sodium ethylate upon the dibromo ester. There was some 
question, however, as to the position of the ethoxy group. Later 
the same ethoxy compound was obtained by the addition of so- 
diiun ethylate to ethyl a-bromoacrylate, indicating that the com- 
pound derived from the ethyl a,/S-dibromopropionate must have 
been the /S-ethoxy compound. An excess of the sodium ethylate 
was shown by Michael to lead to the formation of a halogen-free 
compound, while Leighton (3) found that heating the dibromo 
ester with an excess of sodium ethylate resulted in the formation 
of a mixture of products which were apparently the esters of 
^-ethoxyacryhc and a:,/3-diethoxypropionic acids. 
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In studying the action of sodium ethylate with ethyl a,/5-di~ 
bromopropionate we therefore avoided an excess of sodium ethyl- 
ate and carried out the reaction at a low temperature. By using 
equimolecular quantities of the two substances at 0° we obtained 
a yield of 80 to 85 per cent of the a-bromo-jS-ethoxypropionate. 
A convenient and inexpensive synthesis of serine was thus assured. 

The ethyl a-bromo-/3-ethoxypropionate was saponified and con- 
verted to serine by the general procedure employed by Carter and 
West (4) for a-bromo-jS-methoxypropionic acid.^ The ethoxy 
compound was utilized in the present synthesis, since it was found 
that when sodium methylate was allowed to react with the di- 
bromo ester much poorer yields of the methoxy derivative were 
obtained owing to the side reactions which occurred, 

EXPERIMENTAL 

Ethyl aciylate was placed in a round bottomed flask immersed 
in an ice bath. The theoretical quantity of bromine was added 
dropwise with stirring. 15 minutes after the addition was com- 
pleted the product was distilled under reduced pressure. Prac- 
tically a quantitative yield of ethyl a,/3-dibromopropionate was 
obtained. The boiling point of the pure compound was 98.5-99.5° 
at 16 mm. of Hg. Experiments in which amounts up to 4 moles 
of ethyl acrylate were used yielded similar results. 

260 gm. of the ethyl a,/3-dibromopropionate were placed in a 
1 liter, 3-necked flask equipped with diying tube, dropping funnel, 
and mechanical stirrer. 24 gm. of clean sodium metal were dis- 
solved in 400 cc. of 100 per cent ethanol with rigid exclusion of all 
moisture. This solution was slowly added to the ester, the mix- 
ture being vigorously stirred and kept at ice bath temperature. 
Precipitation of the sodium bromide was immediate. At the end 
of the addition the ice bath was removed and the suspension was 
stirred until it attained room temperature. Carbon dioxide was 
bubbled through the solution to neutralize remaining alkali. An 
equal quantity of ether was added and the solution was filtered. 
The salt cake on the funnel was washed with 95 per cent ethanol. 
The ethanol was removed at a pressure of 10 to 12 mm. of Hg and 
at a water bath temperature of 50°. The residue was taken up 

1 We wish to express our appreciation to Dr. Herbert Carter for making 
available to us this information before its publication. 
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in 100 cc. of water and 200 cc. of ether and acidified -with dilute 
HCI. The ether layer was separated and the water was reex- 
tracted with two 50 cc. portions of ether. The ether e.xtracts were 
combined and were washed with 50 cc. of saturated CaCl- solution, 
then with a little water, and finally were dried with sodium sulfate. 
The ether was removed and the residue was then distilled under 
reduced pressure. A fraction which boiled at 84—88° at 10 to 12 
mm. of Hg was collected. This weighed 188 gm. and repre- 
sented a yield of 84 per cent of the theoretical amotmt of ethyl 
a-bromo-;5-ethoxypropionate. The pure product was distilled at 
103-104.5° at 13 mm. The product was somewhat unstable. 
"When it was allowed to stand at room temperature before distilla- 
tion or was distilled in larger amounts, a considerable amount of 
an acrylate was obtained in a low boiling fraction. 

188 gm. of the ester were placed in a 1 liter flask with 200 cc. 
of water and a drop of phenolphthalein solution. 170 cc. of 5 if 
NaOH were added slowly with shaking imder the tap. At the 
end of the addition the solution was shaken for | hour and then a 
slight excess of an equivalent quantity of HsSO^ was added. The 
solution was extracted with 400 cc. of ether followed by three 200 
cc. portions. The ether extracts were washed with saturated so- 
dium stilfate solution and then were dried over sodium sulfate. 
The ether was distilled and the last traces of ether were removed 
from the residue in vacuo. The oil which remained was added to 
2 liters of ammonium hydroxide and the mixture was heated in a 
steel bomb for 7 hours at 100°. 

At the end of the amination the solution was filtered and was 
distilled in vacuo to a syrup. 500 cc. of water were added and the 
solution was again evaporated to a syrup. The residue was taken 
up in 800 cc. of 48 per cent HBr and was heated for 3 hours imder a 
reflux. The solution was concentrated to about 500 cc. After 
the solution was cooled, it was filtered. The filtrate was distilled 
to dryness at reduced pressure. 500 cc. of water were added and 
the solution was again distilled to dryness. The residue was taken 
up in 100 cc. of water and concentrated NH4OH was added with 
shaking imtil the faint odor of ammonia persisted. A liter of 
absolute ethanol was added slowly and the sides of the flask were 
scratched. The mLxture after being allowed to stand overnight 
was filtered. The solid was dissolved in 300 cc. of boiling water 
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and was then treated with norit. After the solution had been 
filtered and allowed to cool, 41 gm. of colorless crystals were ob- 
tained. These were washed with a little cold water and mth 
absolute ethanol, A second crop of crystals was obtained by con- 
centration of the mother liquors and addition of ethanol. After 
this crop had been recrystallized from dilute ethanol, it weighed 
9 gm. The over-all yield of serine was therefore 47 per cent of 
the theoretical amount. 

CsHtOiN. Calculated, N 13.33; found, N 13.3 

The d^serine decomposed at 244°. This decomposition point 
agreed closely with that given by Fischer and Leuchs (6) and like- 
wise agreed with that given by a preparation of serine which we 
made by the method of Schiltz and Carter. The phenylurea de- 
rivative of the dl-serine obtained by the present synthesis possessed 
a melting point of 166-167°, Fischer and Leuchs reported a melt- 
ing point of 169°. The same derivative prepared from the ma- 
terial synthesized by the Schiltz and Carter method likewise had 
the same melting point and a mixture of the two compounds 
showed no lowering. It should be noted that the phenylurea 
derivative of dWsoserine has a melting point of 183-184° (Neuberg 
and Mayer (6)). 


SXJMMAEY 

An economical method of preparing serine from simple ma- 
terials has been presented. Bromine was added to ethyl acrylate 
and the ethyl a:,/3-dibromopropionate was converted to ethyl 
a-bromo-i3-ethoxypropionate by the action of sodium ethylate. 
This product was then converted to serine by saponification, ami- 
nation, and hydrolysis. An over-all yield of 47 per cent of the 
theoretical amount was obtained. 
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{From the Biochemical Inslitule, University of Stockholm, Sweden) 

(Received for publication, January 4, 1940) 

According to the Szeat-G 3 Wgj-i theorj'^ (2-6) the oxidation 
of intermediar}^ metabolites in animal tissues takes place through 
the alternate reduction and oxidation of certain 4-carbon dicar- 
boxj’lic acids nrhich function catal}i;ically as hydrogen carriers 
and transport the hj'drogen of metabolites to the cj^ochrome sys- 
tem. The metabolite specificallj’’ mentioned is triose phosphate 
((2) p. 28) and the 4-carbon acids are oxalacetic, malic, fumaric, 
and succinic. According to the theorj*, the oxidation of triose 
phosphate should be represented by the following equations, which 
may or ma}*^ not represent direct reactions. 

(1) Triose phosphate + Col —* phosphoglycerate + CoHjI 

(2) CoHjI 4- o.xalacetate — > Col 4- malate 

(3) hlalate 4- Col — > oxalacetate 4- CoHjI 

(4) CoHjI 4- fumarate Col 4" succinate 

(5) ’ Succinate 4- oxidized cytochrome c — » fumarate 4- reduced 

cytochrome c 

(6) Reduced cytochrome e 4- iOj — * oxidized cytochrome c + HjO 
Reaction 14"24~34"44*54‘6 = 14"44'54"6 = 

(7) Triose phosphate 4- iOj — > phosphoglycerate 4- HiO 
and, Reaction 4 4-54-6 = 

(8) CoHjI 4- iOj Col 4- HjO 


* A preliminarj- report mentioning this work appeared in Nature (1). 
t National Research Council Fellow in the Natural Sciences. Now at 

;he Mc.4rdle Memorial Laboratory, the University of Wisconsin, Madison. 

* The many papers bearing on this theory are summed up in Szent-Gyor- 
gyi’s book (2) and review (3). 

* H -}- Fe"’"'"’' may be written e -h Fe 
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One of the strongest arguments in favor of the theory is the fact 
that small amounts of any of the 4-C acids, when added to a 
respiring muscle brei, increase consumption of oxygen far beyond 
the amount required for the complete combustion of the added 
compound (7-10). The equations above show how this observa- 
tion is explained by the theory, since according to these reactions 
the 4-C acids are not used up during the oxidation of triose phos- 
phate. The data have been given an alternate explanation, how- 
ever, by the work of Krebs and Johnson (11) who showed that the 
catalytic function of the 4-C acids could be explained on the basis 
that all are precursors of oxalacetic acid which condenses with a 
carbohydrate breakdown product, believed to be pyruvic acid, 
with the ultimate production of citric acid. The latter compound 
was shown to pass through various intermediate stages with the 
eventual formation of oxalacetic acid, enabling the “citric acid 
cycle” to be repeated. This theory obviously also explains the 
catalytic effect of small amounts of the 4-C acids. Furthermore 
it also explains how fumarate can nullify the inhibition by malonic 
acid ((2) p. 21, (8, 10)) an observation that has never been satis- 
factorily explained by the Szent-Gyorgyi theory. 

The effect of malonic acid as an inhibitor has in fact constituted 
one of the major pieces of evidence in favor of the Szent-Gyorgyi 
theory. Malonic acid is the 3-carbon homologue of succinic acid 
and although it has a high affinity for succinic dehydrogenase it 
cannot be dehydrogenated and thus is very effective in blocking 
the oxidation of succinate to fumarate (12). Since malonate was 
quite effective in blocking the total respiration of muscle brei 
(7-10), it was suggested that the oxidation of succinate was a vital 
link in the transport of hydrogen from tissue metabolites to 
oxygen. The author decided to test the theory by determining 
whether or not triose phosphate could be oxidized in a recon- 
structed enzyme system in which the succinate-fumarate system 
was eliminated by the use of malonate. If it could be shown that 
malonate inhibited Reaction 7 as well as Reaction 5 (see above) 
but had no effect on Reactions 1, 2, 3, 4, or 6, one might conclude 
that the succinate-fumarate system was indeed a necessary link 
in the transport of hydrogen from triose phosphate or C 0 H 2 I to 
oxygen, and the theory of Szent-Gyorgyi would be confiimed. 
If, on the other hand. Reaction 5 were inhibited and Reaction 7 
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unaffected, some mechanism of hydrogen transport other than that 
shown in Reactions 1 to 6 would be indicated. 

EXPERIMENTAL 

Enzymes — ^Two tj^ies of enzjTne preparations were used. The 
triose phosphate dehj'drogenase preparations were made accord- 
ing to Green, Needham, and Dewan’s method (13) for preparing 
“mutases.” Rabbit skeletal muscle was minced finelj' and 
e.xtracted M-ith ice water, the extract was precipitated with acetone, 
and the precipitate was dried in vacuo. The drj’’ powder was 
homogenized in water Math the de%dce of Potter and Elvehjem 
(14) and the suspension was dialyzed. The denatured protems 
were centrifuged down and the clear supernatant was used as a 
source of zjmohexase and triose phosphate dehydrogenase. 

The succinoxidase preparations (succinic dehydrogenase plus 
cjdochrome system) were prepared according to Stotz and 
Hastings (15) by extracting well washed pig heart muscle with 
alkaline phosphate. It was found to be necessarj' to use only 
fresh preparations of this enzjme, since some component of the 
enzjme system appeared to be quite labile even in the cold (1). 
In addition to the succinic dehydrogenase and the cj-tochrome 
S3'stem, the preparation contained small amounts of triose phos- 
phate dehydrogenase and considerable amounts of the coenzjune 
factor "diaphorase” (16, 17), as was shown by the reduction of 
methylene blue in vacuo, with dihydrocozymase as a hydrogen 
donator. 

Coenzyme — CSoenzyme I (diphosphopyridine nucleotide, cozj’-- 
mase) of 95 per cent purity was kindlj^ furnished by Dr. F. Schlenk. 
It was prepared from ale yeast. 

Apparatus — Oxj’gen uptake measurements were made in a 
conventional Warburg apparatus at 30°. 

Methods and Results 

The effect of malonate on Reaction 5 was studied by observdng 
the effect of the inhibitor on the sum of Reactions 5 and 6, which 
is simply the oxidation of succinate bj-- molecular oxygen and can 
be studied in the Warburg apparatus. 

Reaction 5 + 6 = 

Succinate -J- JOj — * fumarate HiO 
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Reaction 9 was studied by adding succinate to the succino-xidase 
preparation and measuring the oxygen uptake in the presence and 


Table I 


Effect of Malonate on Oxidation of Triose Phosphate and of Sttccuiale 


Additions 


0.5 M phos- 
phate, pH 

7.6 

Succinoxidase 

S5a 

0.1 M sodium 
succinate*. . . 
0.1 M sodium 
malonate . . . . 
Triose phos- 
phate Dehy- 
drogenase 

Ic 

0.1% Cozymase 

2470 

10% hexose di- 
phosphate* . . 
0.4 m sodium 

fluoride 

Water 


Flask No. 


1 

2 

3 

i 

6 

6 

7 

8 

9 

10 

ml. 

ml. 

ml. 

ml. 

ml. 

ml. 

ml. 

ml. 

ml. 

ml. 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.20 

0.20 

0.20 

0.20 

0.20 

0.20 

0.40 


0.20 

0.20 

0.20 

0.20 










0.20 


0.20 


0.20 







1.00 

1.00 

1.00 

1.00 

I.OO 

1.00 

1.00 

1.00 



0.40 

0.40 

0.40 

0.40 

0.40 

0.40 


0.40 



0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 






0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

2.05 

1.85 

0.60 

0.40 

0.45 

0.25 

0.25 

O.65;0.85j 

0.70 


O 2 uptake 


i 


Ml 






C. 1 

c. 

c. 

1 

1 

c.mm* 1 

1 

mm. 

c,7nm, 1 

c,mm. 

[ c,min, 1 

1 C.WTTl, 

j c.mm. 

mm. 

1 mm. 

mm. 

In 10 min j 

85 

0 1 

92 

92 

1 83 

85 

|l02 

[0 

i» 

0 

“30 “ 1 

175 1 

0 i 

178 

180 

198 

201 

246 

0 




* These additions were placed in a side arm of the Warburg flasks and 
added to the main portion after the temperature equilibration had been 
completed and the stop-cocks closed. The center cups contained 0.3 ml. 
of 10 per cent KOH with filter paper in all cases although it was probably 
unnecessary to use alkali here. 


absence of malonate. Flasks 1 and 2 in Table I show that the 
oxidation of succinate was completely inhibited by malonate in a 
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final concentration of 0.0074 m which was the same as the succinate 
concentration. 

Reaction 7, the oxidation of triose phosphate by molecular 
oxj'gen, was studied by measuring the oxj-gen uptake of a recon- 
structed enzjTne sj’-stem which was composed of the following 
additions; hexose diphosphate, triose phosphate dehydrogenase 
preparation containing zjTnohexase, cozjTnase, and the same suc- 
cinoxidase preparation which was used in succinate experiments; 
e.g., Flasks 1 and 2, Table I. This complete system oxidized 
triose phosphate at a rapid rate, as shown with Flask 3. Flask 
9 shows that cozjnnase was needed for the reaction, Flask 10 shows 
that hexose diphosphate (triose phosphate) was the source of 
hydrogen, and Flask 8 shows that the succinoxidase preparation 
was necessaiy for the oxidation. The next step was to investi- 
gate what was being contributed to the mechanism of Reaction 7 
(or 8) by this succinoxidase preparation. 

Dewan and Green (18), in connection with studies on the enzjTne 
which dehydrogenates CoHjI (coenzjune factor, diaphorase), 
have worked with a system which would oxidize triose phosphate 
and have obtained data verj- similar to those presented here with 
Flasks 3, 8, 9, and 10. They concluded that the coenz^une sys- 
tems could be linked to oxj'gen \-ia cj-tochrome oxidase, coenzjune 
factor, and cj’tochromes o and b, which were all present in their 
heart muscle preparation. Thej' did not consider the possibilitj* 
that the coenzjTne factor might be catalyzing Reaction 4 as Szent- 
Gj'orgjd suggests (3) and in fact did not report anj' experiments 
on the presence or absence of succinic dehj’drogenase in their en- 
zjTne mixture. In experiments on mechanism it is necessarj' to 
define as completelj' as possible enzjune preparations which are 
but slightly purified. In the present work the succinoxidase 
preparation was similar to Dewan and Green’s heart muscle 
preparation and our mixture clearlj- contains succinic dehj'dro- 
genase (Flask 1, Table I). In addition we have shown that the 
preparation contains considerable amounts of coenzjme factor. 
We have also demonstrated the presence of cj-tochrome c and 
cjdochrome oxidase according to Stotz, Sidwell, and Hogness 
(19) and cj’tochromes a and b spectroscopicallj'. 

It appeared that one could determine whether or not Reaction 
8 is to be explained as the sum of Reaction 4 4-5-1-6 quite simply 
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and directly by adding malonate to a system such as is represented 
by Flask 3 in Table I. This accordingly was done in the case of 
Flask 4 and the result clearly shows that the malonate had no 
effect on Reaction 7 and therefore no effect on Reaction 8. It 
seems worthy of emphasis that the experiment is strikingly con- 
trolled by the results shown with Flasks 1 and 2 in which the 
same amount of malonate completely blocked Reaction 9 when 
the same amount of the same enzyme preparation was used. 
Under the conditions of these experiments, therefore, it appears 
that Reactions 7 and 8 can proceed by some mechanism other 
than that proposed by Szent-Gyorgyi, In a preliminarj'^ report 
(20) we have shown, in contrast to the work of Dewan and Green, 
that the mechanism includes cytochrome c. 

Included in Table I are data which show the effect of fluoride 
with and without malonate on the oxidation of triose phosphate. 
From the work of Green, Needham, and Dewan it appeared likely 
that the triose phosphate dehydrogenase preparation contained 
both a-phosphoglycerol and lactic dehydrogenases which in the 
presence of the appropriate oxidized substrate would compete 
with oxygen for the hydrogen of reduced cozymase; their work 
indicated that the lactic dehydrogenase was by far the more 
active. The formation of pyruvate was therefore to be avoided 
if possible. Pyruvate is believed to be formed subsequent to the 
breakdown of phosphoglyceric acid tophosphopyruvic acid, a step 
which is inhibited by fluoride; phosphopyruvic acid is believed to 
yield pyruvic acid in the presence of the proper enzymes plus 
adenylic acid and magnesium ions. In the absence of the latter 
two activators it is doubtful w^hether the presence or absence of 
fluoride would have much effect on pyruvate formation. A com- 
parison of Flasks 3 and 4, in which no fluoride was present, with 
Flasks 5 and 6, to which fluoride was added, shows that the 
presence of fluoride had very little effect on the initial rate of 
oxygen uptake but that with time the presence of fluoride actu- 
ally resulted in a better maintenance of the initial rate. This 
might be explained by assuming that in the absence of fluoride a 
small amount of pyruvate was formed by the breakdown of 
phosphoglyceric acid and in the presence of lactic dehydiogenase 
this pyruvate was able to compete with oxygen for the hj^drogen 
of reduced cozymase. That this may be the correct explanation 
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is further supported by the fact that in the absence of fluoride 
the addition of magnesium ions to the total system in order to 
stimulate pjTUvate formation resulted in a further lowering of 
oxygen uptake. 


SUMMABY 

1. The effect of malonate on the oxidation of triose phosphate 
in a reconstructed enzyme system was studied in an attempt to 
determine whether succinic deh 3 'drogenase is part of the hydrogen 
transport mechanism between coenzyme I and oxygen, as is 
postulated by the Szent-Gyorgyi theory. 

2. It was found that the oxidation of triose phosphate was 
completely unaffected bj'' an ammmt of malonate which was 
shorvn to cause 100 per cent inhibition of the succinic dehydro- 
genase which was present in the enzyme mixture, suggesting that 
the oxidation of coenzyme I-linked metabolites can proceed by 
some mechanism other than that which has been proposed by 
Szent-Gyorgyi. 

The author takes this opportunity to thank Professor H. von 
Euler and Dr. Eiieh Adler for laboratory facilities and helpful 
suggestions in connection with this problem. 

BIBLIOGRAPHY 

1. Potter, V. R., Nature, 143, 475 (1939). 

2. Szent-Gyorgyi, A., Studies on biological oxidation and some of its 

catalysts, Budapest (1937). 

3. Szent-Gyorgsd, A., Ber. chem. Ges., 72 A, 53 (1939). 

4. Annau, E., Banga, I., Gozsy, B., Huszak, S., Laid, K., Straub, B., and 

Szent-Gyorgyi, A., Z. physiol. Chem., 236, 1 (1935). 

5. Annau, E., Banga, I,, Blazso, A., Bructaer, V., Laid, K., Straub, F. B,, 

and Szent-Gyorgyi, A., Z. physiol. Chem., 244, 105 (1936). 

6. Green, D. E., and Eeilin, D., in Luck, J. M., Annual review of bio- 

chemistrj’, Stanford University, 6, 1 (1936). 

7. Boyland, E., and Boyland, M. E„ Biochem. J., 30, 224 (1936). 

S. Greville, G. D., Biochem. J., 30, 877 (1936). 

9. Innes, J. M., Biochem. J., 30, 2040 (1936). 

10. Stare, F. J., and Baumann, C. A., Proc. Roy. Soc. London, Series B, 

121, 338 (1936). 

11. Krebs, H. A., and Johnson, W. A., Enzymologia, 4, 148 (1937). 

12. Quastel, J. H., and Wooldridge, W. R., Biochem. J., 22, 687 (1928). 



424 Mechanism of Hydrogen Transport. I 


13. Green, D. E., Needham, D. M., and Dewan, J. G., Biochcm. J., 31, 

2327 (1937). 

14. Potter, V. E., and Elvehjem, C. A., J. Biol. Chem., 114, 495 (1936). 

16. Stotz, E., and Hastings, A, B., J. Biol. Chem., 118, 479 (1937). 

16. Green, D. E., and Dewan, J. G., Biochem. J., 31, 1069 (1937). 

17. Adler, E., von Euler, H., and Hellstrom, H., Ark. Kemi, Mineral, o. 

Geol., 12 B, No. 38 (1937). 

18. Dewan, J. G., and Green, D. E., Biochem. 32, 626 (1938). 

19. Stotz, E., Sidwell, A. E., Jr., and Hogness, T. R., J. Biol. Chem., 124, 

733 (1938). 

20. Potter, V. R., and Lockhart, B. E., Nature, 143, 942 (1939). 



THE EFFECT OF ZINC ON ALKALINE PHOSPHATASES* 


Bt E. hove, C. a. EL\"EHJEM, akd E. B. HART 

(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 

(Received for publication, March 27, 1940) 

Zinc has been shotvn to be an element essential to the life and 
growth of rats, but as yet there is no clear indication of what 
its function may be in metabolism. There are several reports of 
the occurrence of zinc in pure biological compounds. Scott and 
Fisher (1) have shown zinc to be neeessarj’- for the crystalh'zation 
of insulin, although other metals were also effective. KeUin and 
Mann (2) report that carbonic anhj'drase contains 0.32 per cent 
zinc. However, it has been well established that this enzjnne is 
inhibited by small amounts of added zinc (Meldrum and Houghton 
(3), and unpublished data from this laboratorj'). In connection 
with the role of this red blood cell enzjTne it ma}' be significant 
that a zinc-porphjTin compound is excreted in the urine of hu- 
mans (4), A zinc-porphjTin has also been isolated from diptherial 
toxic broth (5). Foster and Waksman (6) have shown zinc to be 
essential for the growth and fumaric acid production of Rhizopus 
nigricans. Recently Holmberg (7) has found that a purified 
uncase preparation contains 0.13 per cent zinc. 

In previous work from this laboratoi^' (8, 9) we have been able 
to find no detectable difference in the carbohydrate metabolism 
of zinc-deficient rats. However, a disturbance of the nitrogen 
metabolism was observed. This involved a decreased blood non- 
protein nitrogen, a marked delay in the rate of absorption of 
amino acids fed bj' mouth, an increase in fecal nitrogen excretion, 
a decrease in the dailv’^ urinai^^ creatinine e.\'cretion, and a marked 

* Published with the approval of the Director of the Wisconsin itgricul- 
tural Experiment Station. 

Supported in part by a grant from the Wisconsin Alumni Research 
Foundation. 
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reduction in the pancreatic trypsin content. It was also shown 
that there is no appreciable decrease in the zinc content of most 
of the soft tissues of the zinc-deficient animal. However, bone, 
teeth, and to a lesser degree small intestines do show a decreased 
concentration of this element. Because of this change our at- 
tention was attracted to the possible effect of zinc ions on the 
activity of phosphatases of the bone and other tissues. 

A survey of the literature reveals that Erdtman (10) found a 
0,004 mM concentration of zinc ions to produce an 18 per cent 
inhibition of dialyzed kidney phosphatase. Jenner and Kay (11) 
state that zinc has no, or slight inhibitory, effect on phosphatases, 
although they give no experimental details or data. However, 
Pett and Wynne (12) observed a stimulation of bacterial pyro- 
phosphatases by zinc in small amounts and inhibition at higher 
levels. Other bacterial phosphatases were inhibited by all con- 
centrations of zinc used. 


EXPERIMENTAL 

Bone phosphatase preparations were made by grinding the 
cleaned fresh bone (rat femurs), making up to a 5 per cent sus- 
pension in water, and allowing to autolyze for 24 hours at 37° 
in the presence of chloroform. This mixture was then filtered 
through a Whatman No. 42 paper, producing a water-clear en- 
zyme preparation containing about 4 mg. of dry matter per cc. 
The crude intestinal enzyme was prepared in the same way ex- 
cept that the washed, whole, rat intestine was minced and made 
up to a 10 per cent suspension. After the filtration this crude 
intestinal phosphatase solution had about T4 mg. of dry matter 
per cc. "V^en this was dialyzed at pH 6.1 for 48 hours, the dry 
matter content was reduced to 2 mg. per cc. The enzyme solu- 
tion took on a non-filtrable cloudiness during dialysis which 
precipitated after a few days in the refrigerator. Toluene was 
used as a preservative during the dialysis, and a mixture of toluene 
and chloroform afterwards. 

The substrate used in a majority of the experiments to be le- 
ported has been sodium /3-glycerophosphate, although disodium 
phenyl phosphate, sodium hexosediphosphate, and sodium pyro- 
phosphate have also been used. These phosphate esters were 
made up as a 4.8 mM solution (1 cc. = 0.15 mg. of P) in a 50 


427 


Hove, Elvehjem, and Hart 

mu veronal buffer. The final pH was adjusted to 9.2. For 
each determination 10 cc. of the substrate solution and 0.5 cc. of 
the enzyme solution in a total volume of 11.5 cc. were incubated 
at 37°. The reaction was stopped with 2 cc. of a 10 per cent 
trichloroacetic acid solution, filtered if necessarj', and the liberated 
inorganic phosphorus determined bj' the customar^r' Fiske-Sub- 
barow method. Blanks were run with every experiment. Any 
substance added to the reaction mixture was tested for its effect 
on the substrate alone, imder the identical time and temperature 
conditions of the reaction. 

Effect of Zinc on Phosphatases in Vitro — In the preliminary ex- 
periments on the effect of zinc on the activity of animal alkaline 
phosphatases in vitro the standard King-Armstrong method was 
used. The substrate for this method is disodium phenyl phos- 
phate, and the incubation time is half an hour at 37.5°. It was 
found that the activity of crude bone phosphatase was progres- 
sively inhibited by increasing concentrations of zinc ion. The 
effect of zinc on the action of crude kidney phosphatase was also 
inhibitory, but only' to a small degree. However, when crude 
intestinal phosphatase was tested, zinc was found to have no 
effect at all. 

These preliminary results appeared to indicate a difference in 
the phosphatases from the three sources, so the work was extended 
to other substrates. The effect of zinc on the hydrolysis in vitro 
of j8-glycerophosphate (21 hours incubation) by the crude bone 
and kidney phosphatases was more or less markedly inhibitory, 
thus agreeing nith the first results obtained with the phenyl phos- 
phate substrate. However, the effect of zinc on the hydrolysis 
of gly^cerophosphate by' the crude intestinal phosphatase was 
markedly activating. Zinc also was found to activate the hydrol- 
y'sis of sodiiun hexosediphosphate and sodium pyrophosphate by' 
the crude intestinal phosphatase. These results are shown in 
Fig. 1. During the last 12 months this stimulating effect of zinc 
on the hydrolysis of /3-gly'cerophosphate by crude rat intestinal 
phosphatase has been repeated on appro.ximately 60 to 70 indi- 
vidual preparations, the degree of activation varying between 40 
and 110 per cent. Zinc chloride, sulfate, and nitrate are equally 
effective. The pH of the reaction mixture is not altered by the 
amounts of zinc salt used in these experiments. 
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The time course of the hydrolysis of /9-glycerophosphate by the 
crude intestinal phosphatase alone, and with optimum zinc 
optimum magnesium, and a combination of optimum amounts of 
zinc and magnesium, is shown in Fig. 2. From the curves in this 
chart it can be seen that both of the metal ions undergo an aug- 
mentation in their percentage activation effect with time. This 
has previously been observed for the magnesium ion by Bodansky 
(13) and Holmberg (14). It should be noticed that the percent- 



Fig. 1. The effect of zinc on crude intestinal phosphatase activity in 
vitro. 21 hour incubation period at 37°, pH 9.2. Substrates, Curve I, 
hexosediphosphate ; Curve II, glycerophosphate; Curve III, sodium 
pyrophosphate. 

age activation due to zinc at ^ hour’s incubation is slight, amount- 
ing to only 5 per cent. This furnishes a possible explanation of 
the lack of zinc activation of the hydrolysis of the phenyl phos- 
phate substrate by the crude intestinal phosphatase, since here 
the incubation was only continued for a half hour; and in fact, it 
has been found that with a longer incubation period zinc does ac- 
tivate the hydrolysis of this substrate. Since the metal ions, 
zinc and magnesium, together produce an effect greater than 
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either alone (Tig. 2 ), it seems possible that the mechanism of 
activation by these ions is, in part at least, different and 
independent. 

Dialj’-sis of the crude intestinal phosphatase resulted in a com- 
plete loss of the ability of zinc ions to activate the enzyme. ^ In 
fact the intestinal enzjmie after dial3'sis was inhibited bj' zinc; 
this obsen'ation brings a uniformit3’^ into the action of zinc ions 
on phosphatases from the three sources — ^bone, intestine, and kid- 



Fig. 2. The time course of the hydroh'sis of ^-glycerophosphate by 
crude intestinal phosphatase. Concentration of zinc, 0.03 msi; of mag- 
nesium, 0.1 mM. 


ne3’. The degree of the zinc inhibition of intestinal phosphatase 
increases slowl3' with the length of dial3’^sis, as is shown in Fig. 3 . 
From the curves shown in Fig. 3 , it is evident that the ability of 
zinc to stimulate the magnesium-activated dial3^zing enzyme 
outlasts the abilit3' of zinc to stimulate the dial3’'zing enz3Tne 
alone. However, this propert3' also is lost when dial3’-sis is suffi- 
ciently complete, as is shown in Preparations 2 and 3 of Table I. 
Also from Table I it is e'^'ident that the dialysate, when again 
added to the dialyzed intestinal enzyme, can restore the zinc 
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activatability of the enzyme. The dialysate alone, or in the pres- 
ence of zinc or magnesium or both, had absolutely no effect on 
the substrate. 

These results indicate that there is present in crude intestinal 
preparations, but seemingly not in bone or kidney preparations, a 
dialyzable substance which, together with zinc ion, is able to 
activate phosphatases. This dialyzable zinc coactivator is not 
destroyed by taking the dialysate to dryness at 100°. It is de- 



Fig. 3. The change of metal ion action on intestinal phosphatase activity 
with increasing time of dialysis. Substrate, )3-glycerophosphate; incuba- 
tion period, 21 hours ; concentration of zinc, 0.03 mii; of magnesium, 0.2 mM. 


stroyed by ashing. It is soluble in water, partially soluble in 
absolute ethyl alcohol, and completely insoluble in pyridine, 
acetone, and absolute butyl alcohol. It is soluble in dilute acids 
and bases, although it seems to be partially destroyed by being 
taken to dryness in the presence of concentrated ammonia or 
NaOH. A boiled tissue extract from a fresh intestine has none 
of this substance. A boiled tissue extract from a portion of the 
same intestine after a 24 hour autolysis at 37° has high activity. 

Since the zinc coactivator appeared to be a product of autolysis. 



431 


Hove, Elvehjem, and Hart 

a casein hydrolysate was tried and found to have a high activity, 
as is shown in Table II. Following this observation, a group of 
pure amino acids was tested (the pH of the amino acid solutions 
having been adjusted before use). As is evident from Table II, 
all of the a-amino acids had a more or less strong zinc-coactivating 
property. Their effect seemed to a degree to be inversely related 
to the length of the chain. The corresponding ^-amino acids, 
keto acids, hydroxy acids, or aliphatic acids had little or no ac- 


Tabi-e I 

Efecl of Dialysis for SO Hours and of Metal Ions on Intestinal 
Phosphatase Preparations 


Substrate, /S-glycerophosphatc; incubation period, 21 hours at 37°; 
final concentration of added metal ions, Zn 0.05 mu. Mg 0.2 mw. 


Prepara- 
tion No. 

Uetnl ion 
added 

Noa-dialyrcd 

DInlyted 

DIalsrzed + dlalyaato 

p 

liberated 

Chango 

duo 

to metal 

P 

liberated 

Cbanso 

P 

liberated 

Cbanso 



m9. 

per cent 

fnp. 

peretnt 

mge 

per cent 

1 

None 

0.790 




0.700 



Mg 

0.950 

+25 

0.644 

+10 


+24 


Zn 

1.14 

+44 


-19 


+48 


Mg + Zn 

1.18 

+50 

0.732 

+25 


+49 

2 

None 

0.420 


0.249 


0.279 



Mg 

0.695 

+65 

0.464 

+86 

0.649 

+97 


Zn 

0.520 

+24 

0.063 

-75 

0.448 

+61 


Mg + Zn 


+84 

0.272 

+9 

0.804 

+187 

3 

None 

0.366 


0.216 


0.320 



Mg 

ifpl 

+77 

0.403 

+88 

0.545 

+70 


Zn 

HI 

+74 

0.054 

-75 

0,470 

+47 


Mg + Zn 

0.724 

+101 

0.200 

-7 

0,611 

+92 


tivity. This is likewise true of such N compounds as choline and 
cholamine. Glutathione had a relatively high activity. This 
high activity may have been a result of the combined activity of 
each of the three a-amino groups in the molecule, indicating that 
an entirely free NHa group is not necessary, or it may be related 
in some way to its — SH group. It should be noticed, however, 
that the high percentage activation due to zinc in the case of 
glutathione is due ultimately to the very marked inhibition pro- 
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duced by the GSH alone and not to a higher final activity brought 
about by the addition of zinc to the glutathione. 


Table II 

AcCwn of Amino Acids and Other Organic Compounds* As Zinc Coaciivalors 
for Dialyzed Intestinal Phosphatase 
Substrate, /S-glycerophosphate; incubation period, 21 hours at 37”; 
final concentration of zinc, when added, 0.05 niM. 



Final 

concentration 
of organic 
compound 

Bydrolysis of substrate 

Activation 
due to Zn 

No Zn 

Plus Zn 

1 

mff. per cc* ' 

per cent 

per cent 

per cent 

1 

0 

13.6 

10.3 


Casein hydrolysate 

0.3 

13.0 

27.0 

108 


1.0 

11.6 

33.5 ; 

190 

1 





Glycine 

1.5 * 

10.5 

26.1 

148 

df-Alanine 

1.5 1 

13.0 j 

25.8 j 

100 

Aspartate 

1.5 1 

12.1 

20.8 , 

72 

Glutamate 

1.5 ! 

13.1 * 

19.0 1 

46 

Valine 

1.5 

12.2 

[ 20.0 

63 

Lysine 

1.5 

11.2 

21.0 

88 

Arginine 

1.5 

12.0 

18.9 

! 57 

Cystine 

1.0 

12.5 

1 24.3 

1 94 

GSH 

1.5 

6.7 

21.3 

220 

P-Alanine 

1.5 

13.7 

15.1 

9 

Choline 

1.0 

13.7 

14.8 

8 

Cholamine 

1.5 

13.6 

15.2 

10 

Lactate 

1.5 

14.8 

12.5 


Pyruvate 

1.5 

, 13.9 

13.7 


Glutarate 

1.5 

13.7 

13.7 


Nicotinate 

1.5 

1 13.6 

12.7 


Ascorbate 

1.5 

12.8 

12.1 



* The organic compounds were adjusted to pH 8.5 before use. 


From Fig. 4 it is evident that neither zinc nor the amino acid 
alanine had any effect on the pH optimum of the intestinal 

phosphatase. . . 

The next point to establish was the optimum concentration of 
the amino acids in their action as zinc coactivators. The work 
with the amino acid glycine will be reported in detail. From 
Table III the following points are apparent, (a) The optimum 
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Fig. 4. The pH-activity curve of dialyzed intestinal phosphatase in the 
presence of alanine (1 mil) and alanine plus zinc (0.03 msi). Substrate, 
^-glycerophosphate; incubation period, 18 hours. 


Table III 

Optimum Concentration of Zinc and Glycine for Activation of Dialyzed 
Intestinal Phosphatase 


Substrate, ^-glycerophosphate ; pH, 9.2. The figures are the percentage 
hydrolysis of the substrate. 


Time 

incubated 

Zn concen* 
trstion 

Glycine concentration 

Oxnu 

0.5 not 

1.0 znu 

2.0 cut 

4.0 mi! 

Arj. 

mif 






2 

0 

4.3 

4.5 

5.0 

5.9 

3.9 


0.0015 

i 4.8 

5.9 

7.9 

1 7.7 

5.7 


msm 

4.5 

6.7 

8.6 

9.5 

9.3 



3.8 

4.8 

7.5 

10.0 

9.2 


■SB 

2.5 

3.6 

6.7 

9.9 

10,4 



OmM 

0.0 znM 

1.8 mM ' 

4.5 Pi\f 

8.7 zni{ 

24 

0 

32.1 

25.7 

22.0' 

15.0 

12.5 


0.008 

38.0 

48.0 

46.5 

38.1 

28.0 


0.035 

30.9 

45.2 

62.0 

47.1 

37.5 


0.075 

28.5 

36.5 

47.0 

60.8 

47.3 


0.150 

26.0 

32.4 

37.2 

45.0 

60.0 


The bold-faced figures represent the highest values found. 
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zinc and optimum glycine concentrations are interrelated and 
depend on each other.^ A rough proportionality of the concentra- 
tions for- optimum stimulations is 1 molecule of zinc for every 
75 to 100 molecules of glycine; (b) the final optimum reached ap- 
pears to be about the same for all absolute levels of the zinc- 
glycine optimum concentrations; (c) the optimum range becomes 
much broader and flatter when the higher levels of glycine are 
used. The same general relations apply to the action of zinc and 
glycine on the /8-glycerophosphatase of the Mdney (Table IV) and 
bone (Table V) and the hexosediphosphatase and pyrophosphatase 
of the dialyzed intestinal preparations (data not shown). 

Table IV 

Effect of Zinc and of Glycine on Hydrolysis of p-Glycerophosphate hy Kidmy 

Phosphatase Preparation 


The figures are the percentage hydrolysis of the substrate in 21 hours. 


Zn concen- 
tration 

Non-dislyzed 

enzyme 

Dialyzed enzyme 

Glycine concentration 

Omit 

1.0 mil 

3.0 mM 

6.0 mu 

mss 


■■1 


■■ 

■■ 

0 

25.0 


12.8 




28.0 

mSM 

18.7 

mmm 

BH 


27.7 

10.5 

22.0 

■n 



17.2 

8.0 


20.0 



9.5 

5.6 

14.1 

16.3 

17.6 


As has been shown by Bodansky (13), the degree of activation 
of phosphatases by the magnesium ion is augmented by the 
presence of an amino acid. This is also evident from the mag- 
nesium curve of Pig. 3. A shifting of the optimum magnesium 
concentration with the amount of glycine in the reaction mixture 
is shown in Table VI. 

The additions of combinations of zinc and magnesium ions or 
zinc and manganese ions to dialyzed phosphatases have pro- 
duced some interesting results. As has been shown in Fig. 3 
and Table I, the ability of zinc ion to stimulate intestinal phos- 
phatase activity disappears on dialysis, but the ability of this 
element to stimulate the same dialyzing phosphatase when it is 
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activated bj' an optimum magnesium concentration does not 
disappear with an3-tbing like the same rapiditj*. With_ the 
completel}’’ dialj'zed enzjune preparation the strong inhibitorj' 


Table V 

Action of Zinc and Glycine on Degree of Hydrolysis of p-Glycerophosphale 
hy Bone Phosphatase Preparations at pH 9^ 


The figures are the percentage hydrolysis of the substrate. 


incabdted 

Zn cooccn* 
trntion 

Non- 

dialjTed 

cni^me 

Bialyicd ear>*tae 

Glyone concentration 

0 mu 

LOmu 

3.0 mM 

6.0 mn 

hrg. 

Tilt 





1 

1 

2 

0 

11.3 

8.8 

9.0 

8.5 

7.8 



14.6 

8.3 

9.8 

8.7 

8.8 


I'K'rS 

11.2 1 

6.7 

9.6 I 

10.0 

9.2 



6.5 

4.5 

7.0 

9.7 

10.0 



4.4 

3.0 

5.0 1 

8.7 

9.3 

21 

0 


34.0 1 

30.5 

25.6 

23.0 


0.003 


31.7 

36.6 

34.0 

29.8 


0.005 


14.5 

29.0 

34.4 

31.0 


0.025 


6.4 

14.7 

26.2 

32.8 


The bold-faced figures represent the highest values found. 


Table VI 

Efect of Glycine on Magnesium Activation of Dialyzed Intestinal Enzyme 
Substrate, ^-glycerophosphate; incubation period, 18 hours at 37°. 
The figures are the percentage hydrolysis of the substrate. 


Mg concentration 

I Glydne concentration 

1 

OznM 

1.0 mu 

3.0 m\f 

mit j 




0 

19.8 1 

19.8 j 

IS.4 

0.04 

26.6 

28.6 ! 

28.0 

0.10 

28.6 

31.3 1 

33.6 

0.40 

28.8 

32.8 

36.3 


effect of zinc and the activating effect of magnesium tend to 
cancel each other (Table I). 

In Figs. 5 and 6, the effect of combinations of zinc and man- 
ganese upon crude bone phosphatase is shorvn. It is apparent 
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that zinc alone inhibits in the concentrations used, and that man- 
ganese alone has a slight activating effect. However, when the 
two ions are added together at a minimum ratio of Mn:Zn of 
about 10:1, the activity of the phosphatase is brought to a point 
higher than by Mn alone. Thus the crude bone enzyme reacts 
to the two metals in a way analogous to the response observed 
in the incompletely dialyzed intestinal enzyme. This peculiar 
relation of the metal ions to phosphatase activity was used to 
establish the reversibility of the zinc inhibition. The addition 



Fig, 5. The effect of increasing amounts of zinc alone, and in the pres- 
ence of a constant amount of Mn (0.08 mw), on the activity of crude bone 
phosphatase. Substrate, /9-glycerophosphate; incubation period, 21 hours. 

of the stimulating ion (Mg or Mn) to the zinc-inhibited reaction 
mixture after a certain period of incubation resulted in the com- 
plete restoration of activity to that attained when the two ions 
were added from the beginning of the incubation period. These 
results are shown in Table VII. From this, it is evident that the 
responses of the incompletely dialyzed intestinal phosphatase 
and the crude bone enzyme are similar. 

Relation of Zinc to Phosphatases in Vivo-— The phosphatases 
of the bone and intestines of zinc-deficient animals (prepared as 
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Fig. 6. The effect of increasing amounts of Mn alone, and in the pres- 
ence of a constant amount of Zn (0.04 mil), on the activity of crude bone 
phosphatase. Substrate, /9-glycerophospbate ; incubation period, 21 hours. 

Table VII 

Reversibilily of Zinc Inhibition of Phosphatases 

Substrate, ^-glycerophosphate; final concentration of ions, when added, 
Zn 0.05 mil. Mg 0.2 msi, Mn 0.1 m.M; Enzyme A, 24 hour dialyzed intestinal 
phosphatase, Enzyme B, non-dialyzed bone phosphatase. The figures are 
the percentage hydrolysis of the substrate. 


EnzjTne 

Metals added 

Time incubated 

0.5 hr. 

1.0 hr. 

2.0 hrs. 

Z.O hrs. 

A 

None 

21.3 

33.0 

43.1 

47.5 


Zn 

16.5 

1 22.0 

28.5 

32.0 




Mg added 

50.0 

62.1 


Mg 

29.5 

39.1 

i 54.1 

60.2 


Zn + Mg 

29.1 

43.1 

58.2 

1 64.5 



10 hrs. 

20 hrs. 

j 40 hrs. 

j 70 hrs. 

B 

None ' 

38.0 * 

48.8 

62.8 

70.0 


Zn 

6.7 

8.7 

11.3 

14.0 




Mn added 1 

57.0 

77.5 


Mn 

39.8 

51.1 

65.0 

72.0 



Zn -t- Mn 

43.2 

54.0 

70.0 

78.0 
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described by Hove, Elvehjem, and Hart (9)) and of rats on a 
high (toxic) zmc diet have been determined. The crude prepara- 
tions were used throughout. 

Zinc Deficiency— From the data in Table VIII it can be seen 
that the intestinal phosphatase of the zinc-deficient rats is con- 
siderably lower than that in normal controls. There was also a 
slight, but possibly insignificant, lowering of the bone phospha- 


Table VIII 

Intestinal Phosphatase Content of Zinc-Deficient and Control Rats 

Substrate, glycerophosphate; enzyme, crude intestinal preparations; 
incubation period, 21 hours at 37°. 


Per cent hydrolysis of substrate 


Group 


Plus 0.08 
tuu Zn 

Per cent 
, increase 
in activity 
due to Zn 

Plus 0.2 
mM Mg 

Per cent 
increase 
in activity 
due to Mg 

Zinc-deficient rats 

32.1 

56.5 

75.5 




18.5 

47.0 

154 

43.8 

105 


33.0 

61.5 

87.3 

56.4 

51.6 


21.6 

43.7 

102 

45.2 

107 


16.4 

34.0 

108 




32.8 

63.0 

92.5 




37.5 

74.0 

96.0 

57.1 

58.0 

Average 

27.4 

54.3 

102 

50.6 

80.4 

Normal control rats 

46.6 

85.0 

82.5 




48.0 

71.0 

48.1 

63.0 

25.0 


44.5 

63.2 

41.5 

61.2 

38.0 


27,5 

51.4 

94.0 

49.5 

76.6 


60.0 

73.2 

22.0 

72.0 

19.8 

Average 

45.3 

68.7 

57.6 

61.4 

39.8 


tases. When optimum zinc is added in vitro to these crude 
intestinal preparation reaction mixtures, the response of the 
preparations from the zinc-deficient rats is much greater than 
that of preparations from the normal rats. This difference in 
the reaction to zinc in vitro cannot be due to a lower zinc content 
in the preparations from the deficient rats, since an entirely 
analogous difference exists with respect to the addition of mag- 
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nesium ion, in vitro, as is shown in Table "iTII. The possible 
explanations are that the crude preparations from the zinc- 
deficient rats have a lower amino acid content, or that there is 
a less abundant formation of intestinal phosphatase in the zinc- 
deficient animal. If the latter is the case, then the greater per- 
centage activation by the metal ions may, perhaps, be related to 
the greater dilution of these enzjTne solutions. 

Rats on High Zinc Diet — Seven adult male rats were placed 
upon a stock ration and seven similar rats on the stock ration to 
which had been added 0.5 per cent of zinc (as zinc sulfate). 


Table IX 

Effect of Feeding High Zinc Diet (f).S Per Cent Zinc As Zinc Sulfate) to 
Normal Adult Male Rats for 4 



7 control rats 

' 7 rata on high zinc diet 

1 



Averae® 

Range 

Average 

Bone aah, % 

59.6 -63.0 

i 61.3 

54.8 -59.0 

56.4 

Zn of dry bone, mg. per gm 

0.20- 0.27 

! 0.23 

0.76- 1.25 

0.97 

Bone phosphatase, % hydroly- j 
sis of substrate in 21 hrs 

28.0 -34.0 

1 

31.0 

46.1 -55.4 

50.0 

Intestinal phosphatase, % 
hydrolysis of substrate in 
21 hrs 

13.5 -27.0 

21.4 

16.7 -41.2 

28.7 

Intestinal phosphatase after 
dithizone extraction 

13.5 -25.0 

20.3 

12.9 -30.0 j 

21.5 

Loss of activity due to dithi- 
zone e.xtraction, % 

1 

5.0 


25.8 


Bone ash, zinc content of the bones, and bone and intestinal phos- 
phatase were determined (Table IX). In confirmation of the 
work of Waltner (15) a decreased bone ash was noticed when 
the high zinc diet was fed. Ionic zinc was removed from the 
intestinal phosphatase preparations by shaking with dithizone 
(in CCI 4 ) followed by pure CCfi to remove any adsorbed dithizone. 
The activity of the intestinal phosphatases after this treatment 
was considerably less for the rats on the high zinc diet and only 
slightly less for the rats on the basal diet. This indicates that 
the higher level of phosphatase activity in the rats on the high 
zinc diet was actually due to the higher water-extractable zinc 
content in their intestinal walls. 



440 


Effect of Zinc on Phosphatases 


DISCUSSION 

The marked activation of crude intestinal phosphatase by mi- 
nute amounts of zinc ion has been shown to occur only in the pres- 
ence of a dialyzable, organic substance which is present in the 
crude intestinal preparations but seemingly present to a much 
less degree in kidney and bone enzyme preparations. There is 
no evidence that this compound is in any way related to the co- 
phosphatase of Albers ( 16 ). It has been shown that several pure 
amino acids have an action equal to that of the zinc coactivator 
present in the crude intestinal preparation. However, it has not 
bepn established that the amino acids liberated by the autolysis 
of the intestinal mucosa are the only compounds with a zinc-eo- 
activating property present in the crude preparation. In fact, 
the lability of a portion of the natural coactivator to strong alkali 
suggests the possible role of — SH groups. The pure amino acids 
do not show this strong alkali lability. 

It has been consistently observed that the crude intestinal 
enzyme preparation gives no visible precipitate when trichloro- 
acetic acid is added, while the crude bone and kidney enzyme 
preparations do. This indicates that the hydrolysis of the tissue 
proteins during the autolysis is more complete in the case of the 
intestinal preparations and strengthens the assumption that the 
natural coactivator is the liberated amino acids. The explana- 
tion for this greater degree of autolysis of the intestinal prepara- 
tions may be related to the adherence of bits of the pancreas, 
or pancreatic juice itself, to the intestinal wall, thus furnisliing 
tryptic enzymes to aid the breakdown of proteins. The effect 
of these tryptic enz3’’mes could not be very great in the autolyzing 
or stored preparations, since the pH is too low; but during the 
incubation period of the phosphatase runs these tryptic enzymes 
can be expected, owing to the now alkaline pH, to be active and 
produce a certain amount of amino acids from the proteins in 
solution. Such an amino acid production may be a factor in the 
.marked increase in the percentage activation by zinc and inag- 
nesium ions of phosphatase activity with time. It is also possible 
that the cells of the mucosa may be loaded with amino acids or 
protein fragments from food digestion. 

Both the carboxy group and the NH2 group in the a position 
are essential for zinc coactivation. Yet the wide difference in 
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the concentration of the zinc and the amino acid for optimum 
effect makes it difficult to conceive of a final zinc-amino acid 
complex as being the actual activator. The fact that the zinc 
ion has a verj" broad and flat optimum -when the amino acid con- 
centration is near that of the substrate concentration suggests a 
possible role of the amino acid as a phosphate transporter or 
carrier in the dephosphorylation. 

Lohmann and Kossel (17) have shown that zinc in a concentra- 
tion of about 3 X 10-’ mu stimulates the decarboxjdation of 
pjTuvic acid by 3’east maceration juice plus thiamine pjTophos- 
phate. When they used washed yeast as the source of carboxy- 
lase, zinc had only an inhibitory effect. Since in the prepara- 
tion of the maceration juice the j'east was presumablj^ allowed to 
autolyze before being ground, it undoubtedly contained a much 
higher free amino acid content than the washed j'east. It seems a 
possibilitj', therefore, that the same relation between zinc and 
amino acids holds for the activation of this reaction, as we have 
demonstrated here for the alkaline phosphatases. 

The lowered intestinal phosphatase content (or activity) of 
zinc-deficient rats may be related ultimately to the previously 
established decrease in pancreatic trj’ptic activity during the zinc 
deficiency (9). It had also been shown previously (8) that the 
zinc deficiency is characterized bj*^ a lowered blood non-protein 
nitrogen and bj’" an increase in the time required for an amino 
acid given by mouth to pass from the gastrointestinal tract to the 
blood stream. This delay in the absorption of amino acids may 
be ex-plained on the basis of intestinal stasis resulting from the 
decreased pancreatic enzymes, or, if amino acid absorption should 
be shown to involve phosphorylation the slower amino acid ab- 
sorption in zinc-deficient rats maj- be explained on the lowered 
intestinal phosphatase of these rats. Thus, the in vitro relations 
shown in this paper among zinc, amino acids, and organic phos- 
phoric esters may indicate an in vivo relation between these sub- 
stances and the reactions governing them. 

StrUMAEY 

1. Crude intestinal phosphatase activity is increased 40 to 100 
per cent by the addition of zinc ions in vitro. Crude kidney and 
bone phosphatase activities are progressively inhibited by concen- 
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trations of zinc of 4 X lO'® to 70 X 10-=> mw. This difference in 
response to zinc cannot be considered as an indication that in- 
testinal phosphatase is different from the others, since after di- 
alysis all three enzymes show a marked inhibition by zinc. 

2. The readdition of the dialysate from intestinal phosphatase 
preparations restores the ability of zinc to activate the dialyzed 
enzyme. 

3. The dialyzable zinc coactivator of intestinal phosphatase 
preparations is a product of mucosal tissue autolysis. All of the 
pure a-amino acids tried have the same coactivating property 
as the dialysate. /3-Amino, keto, hydroxy, or aliphatic acids, 
or organic amines have little or no activity. 

4. The ratio of the concentrations of a pure amino acid (glycine) 
to zinc ion is about 100:1 for maximum activation. At high 
glycine concentrations the zinc optimum is broad and fiat. At 
lower glycine concentrations the zinc optimum is sharp. 

5. The intestinal phosphatase of zinc-deficient rats is con- 
siderably lower than that of normal controls. These results 
are discussed in relation to previously established disturbances 
in the nitrogen metabolism in the zinc-deficient rats. 
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The techniques of crj'stallization, developed in recent j’ears, 
have permitted enzjTne studies that are far more exact than were 
possible with the more crude preparations. Among the crj'stal- 
line enzymes, Northrop’s pepsin has been the object of wide- 
spread and intensive research (1) which has contributed to the 
knowledge of enzjmae action and mode of operation. In order to 
further the understanding of pepsin, it seemed worth while to 
begin comparative studies on pepsins from sources other than beef 
and swine. In the work to be described the pepsin of the Pacific 
Coast king salmon (Oncorhynchus tschavrytscha) was crj-staUized, 
and comparative studies have been begun. 

Methods for crj'staUizing swine pepsin have been described by 
Northrop (2) and Philpot (3). Fortunately, the techniques for 
handling mammalian pepsin and pepsinogen (4) have been found 
applicable, with some modification, to fish pepsin. 

Most of the fish used as sources of material were caught in 
traps at La Conner, Washington, and brought rmder ice to 
Seattle, where they were dressed, after having been about 18 
hours out of water. The stomachs were removed, cleaned, and 
stored frozen; about 100 were required for each Idlo of mucosa. 
The stomachs from actively feeding fish, caught at sea, were 
larger and contained more pepsin, but were difiicult to ship 
successfully to Seattle. 

* Taken from a thesis presented by Daniel W. Elam as partial fulfilment 
of the requirements for the degree of doctor of philosophy. University of 
Washington, 1940. 

Contribution No. 95 from the Oceanographic Laboratories. 
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444 Crystalline Salmon Pepsin 

Preparation of Enzjjme — The mucosae were stripped from the 
muscle, washed and brushed to remove all mucin, and frozen for 
stoi-agc. In a half thawed condition they were finely ground for 
f.hc exl,raction. It was found advantageous to extract in alkaline 
solution, which yielded pepsinogen; acidification of this extract 
converted the zymogen to pepsin, and at the same time pre- 
cipitated practically all of the contaminating proteins, which could 
then be removed by filtration. Denaturation of some of these 



Fig. 1. Crystalline salmon pepsin 


foreign proteins probably occurred during the alkaline extraction 
and, to assure this action, more alkali was added than is used by 
Herriott in the extraction of swine pepsinogen (4). Mucin does 
not interfere with such a procedure in the extraction of salmon 
mucosa as it does in the case of beef or swine. The enzyme was 
salted-out of the clear filtrate by ammonium sulfate, and crystal- 
lized by dissolving this precipitate in 0.1 m acetate, pH 5.0, and 
allowing the solution to stand. The pepsin crystallized as double 
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refracting needles (Fig- 1). A practical outline of the preparation 
procedure vrith some improvements on our pre\'iousIy announced 
method (5) is given in Table I. The crj^als may be stored under 
half saturated ammonium sulfate in the refrigerator. Solutions 
of the enzyme are most stable at pH 3.0. 

Evidences of Purity— M. crj'stalline preparations, even after 
three successive crystallizations, have shown activities, as meas- 
ured by Anson and ]\Iirsk 3 ’’s Hb method (6), of 0.23 to 0.26 
unit* per mg. of protein nitrogen. 

That our preparation is homogeneous with respect to protein 
is indicated by the solubility cun'es. This criterion for purity 
has been described by Krmitz and Northrop (7). The amorphous 




Fro. 2. Solubility of amorphous, twice crystallized salmon pepsin in 
0.42 saturated ammonium sulfate; pH 3.0, 25°. [PU] represents peptic 
activity of the solution in Hb units per ml. 


form of salmon pepsin, precipitated from a fresh solution of fresh 
and washed crj^stals, gave the solubility cur^'es of Fig, 2, which 
are consistent with the demands of the phase rule for one protein 
species within the limits of our experimental error. 

Composition of Enzyme — ^Microchemical analyses of the crj'stal- 

* These units are calculated to 35.5°, which is the temperature specified 
in Anson and Mirsky*s definition of the Hb unit. Salmon pepsin is 1.18 
times as active at 35.5° as at 25° under the conditions of the determination; 
this factor for swine pepsin is 1.82 (6). When the two enzjTnes are com- 
pared at 25 , the specific activity of crystalline salmon pepsin is about 1.8 
times that of Northrop’s pepsin. 
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Kne enzyme have shown an elementary composition typical of a 
protein. The percentage composition is as follows: 

C ' H N, N, S P A«>, 

Dumna ICicIdalil 

51.9 6.48 15.62 15.2 1.58 0.031 0.08 

The techniques used are described in Pregl (8), ivith the exception 
that sulfur was determined by sodium peroxide fusion, a micro 
modification of a method of the Association of Official Agricultural 
Chemists (9). Part of the filter cake of crystals used in these 
analyses was dissolved, and portions of the solution were tested 
with silver nitrate, barium chloride, and Nessler’s reagent. 
Indications of chloride, sulfate, or ammonium ions were not 
discernible. 

The percentages of tyrosine, tr 3 '-ptophane, and cystine have 
been determined by the methods of Folin and Marenzi (10). 
The association of peptic activity with the tyrosine residues is 
illustrated by the preparations of acetyl (11), nitroso (12), and 
iodopepsin (13). Our attention was drawn to cystine by the 
higher sulfur content of salmon pepsin compared to swine pepsin 
(1), which corresponds in a qualitative way with the higher 
specific activity of the former as measured by the Hb method. 
The amino acid percentages are as follows: 



Tyrosine 

Tryptophane 

Cystine 

Crystallized once 

i 6.7 

i 1.2 

2.0 

“ twice 

I V. » 

I 6,8 

1 1-1 

2.1 



Salmon pepsin, compared to swine pepsin (14), contains about 
twice the percentage of cystine, half as much tryptophane, and 
about seven-tenths as much tyrosine. 

The isoelectric point of the crystalline enzyme, prepared by the 
method described, was estimated by minimum solubility of the 
amorphous form in ammonium sulfate solution and in alcohol. 
The pH of least solubility was near 2.0. Crystals, suspended in 
citrate-phosphate buffer, changed their direction of migration in 
an electric field between pH 3.0 and 3.1. 

Kinetics 

The Hb method (6) was used for all routine assay's; the calibra- 
tion curve for crystalline salmon pepsin is expressed by the 
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empirical relation, pepsin units = 0.313 T — 0.0020 T 4- 
0.00068 in which T represents the milh'equivalents of tjTOsine 
in 5 ml. of filtrate, after 10 minutes incubation at 25°. The 
equation is valid between the limits T — 0 and T = 12. The 
proteolytic unit of this equation is based on the liberation of 1 
milliequivalent of tjTOsine per minute in the standard digest at 
25°. In order to obtain 35.5° units, the equation constants 
should be multiplied by 1.18. 

Influence of pH — The effect of pH on the initial rate of digestion 
of 2 per cent Hb is shown in Figs. 3 and 4. In the former case, 
close correspondence with Northrop’s pepsin was secured. These 
data were obtained with a preparation of salmon pepsin which 
had been prepared by acid e.vtraction of the mucosa and pre- 
cipitation with acetone, according to the method of Fenger and 
Andrew (15). The first precipitate had been dried in vacuo 
over sulfuric acid and stored for 3 years over calcium chloride. 
At the beginning of this work, the dried preparation was dissolved 
and fractionated with cold acetone; the fraction soluble in 60 
per cent but precipitated by 80 per cent of the organic solvent 
was retained. Owing to the small quantity of the material, only 
a few crystals were obtained; they appeared to have the same 
crystalline form as is illustrated in Fig. 1. 

Crystalline salmon pepsin, prepared according to the outline 
of Table I, exhibited a pH versus acti\dty relationship which is 
plotted in Fig. 4. We have consistently obtained this tj-pe of curve 
with preparations made bj’- this method and, over a short period 
of time, we have been unable to prepare again bj' acid extraction 
a salmon pepsin with the type of function shown in Fig. 3. 

The presence of salt markedly increased the rate of digestion. 
Denatured Hb was found only sparingly soluble in salt concentra- 
tions which approach the composition of sea water. However, 
the rate of digestion as a function of pH and in the presence of 
0.1 N NaCl is shown in Fig. 4, Curve B. The same enajme solu- 
tion was used for both curves of Fig. 4. 

The Hb solutions were prepared by titrating a solution of 5 
per cent dial 3 ^zed Hb with dilute HCl to the desired pH, and 
diluting to 2 per cent Hb with distilled water. Sodium chloride 
n as added as a 3.5 n solution. The final pH values were deter- 
mined by means of a glass electrode, standardized against pH 
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3.97 phthalate buffer. In all other respects the determinations 
were performed according to the procedure of the Hb method. 



Fig. 3. Dependence of initial rate of digestion of Hb on pH, Curve A, 
salmon pepsin which had been desiccated,' Curve B, Northrop’s pepsin, 
prepared in this laboratory. 



Fig. 4. Dependence of initial rate of digestion of Hb on pH. Curve A, 
crystalline salmon pepsin in salt-free medium; Curve B, in presence o 
0.1 N NaCl. 

Oxidation-Bedudion—ln order to ascertain whether oxidation- 
reduction could account for the two types of activity versus pH 
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Tabix I 

Preparation of Crystalline Salmon Pepsin 

(1) 2500 gm. finely ground mucosa stirred 1 hr. in 7500 cc. water con- 
taining 3 moles sodium acetate and 3 moles sodium bicarbonate. Strained 
through cloth. 

Volume 7500 cc.; Hb unit 0.023 per cc., 0.013 per mg. N, total 176; 

% of enzyme 100 

(2) To the opalescent pink e.-ctract were added slowly 240 cc. 2 N HjSO<, 
bringing the mixture to pH 2.0. To this solution 200 gm. Hyflo super-eel 
added and solution filtered on a large Buchner funnel whose paper was 
covered with a thin cake of super-cel. Filter cake washed with 200 cc. 
0.001 N H:SO<. 

Filtrate and washings, 

Volume 9690 cc.; Hb unit 0.015 per cc., 0.13 per mg. N, total 15S; 

% of enzyme 90 

(3) To the clear yellow filtrate from (2) were added 390 gm. ammonium 
sulfate per liter, bringing the solution to 0.6 saturation; solution stood 
overnight at 5°. 20 gm. of Hj'flo added and solution filtered; filter cake 
washed with 120 cc. 0.6 saturated ammonium sulfate solution. Filtrate 
and washings discarded. Filter cake suspended in 300 cc. 0.1 m acetate 
buffer, pH 4.2, and filtered to remove Hyflo. Filter washed with addi- 
tional 100 cc. buffer solution. 

Filtrate and washings. 

Volume 429 cc.; Hb unit 0.34 per cc., 0.14 per mg. N, total 146; 

% of enzyme 83 

(4) To the clear filtrate was added N HjSOi to produce pH about 2.0; 
390 gm. ammonium sulfate per liter added; allowed to stand overnight at 
5°. Filtered with suction on hard paper without filter aid. Cracks of 
draining cake closed with spatula in order to remove as much mother 
liquor as possible. Filtrate discarded. 

(5) Cake from (4) stirred to mush with a small amount of 0.1 m acetate 
buffer, pH 5.0; more buffer added with stirring until ppt. just dissolved; 
in all, 175 cc. buffer used. This solution filtered immediately with suction 
and transferred to a beaker in which it was stirred slowly for 2 or 3 days at 
room temperature, tit is best to seed with crystals from a former batch.) 
Crystals filtered off and washed with 50 cc. cold water which had been 
acidified to pH 4 or 5 with HCI. 

Crystal cake, 

Hb unit 0.24 per mg. N, total 27; % of enzyme 16 

(6) Filtrate and washings from (5) treated by procedure (4). 

(7) Recrystallization. Crystal cake from (5) dissolved in 8 cc. 0.1 n 
H jSOi. Solution centrifuged. Supernatant poured into 80 cc. 0.1 m 
acetate, pH 5.0. Crystalhzation rapid and complete in 1 hr. 

Hb umt 0.23-0.26 per mg. N 
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curves obtained, the effects of iodoacetic acid and cysteine were 
investigated. The Hb method was adapted to the experiments 
Since iodoacetic acid reacts very slowiy with sulfh 3 ^dryl groups 
at a pH less than 5.0 (16), the enzyme solution at pH 5.3 was 
diluted with an equal volume of 0.01 n iodoacetic acid of pH 5.3 
and allowed to stand 20 minutes, after which it was mixed with 
the Hb substrate without further dilution. For comparison, a 
second aliquot of the same enzyme solution was diluted with an 

Table II 

Effects of Iodoacetic Acid and Cysteine on Salmon Pepsin 

(1, a) 5 cc. enzyme solution, pH 5.3 (solution containing about O.OOOS 
Hb unit per cc.) added to 5 cc. 0.01 n iodoacetic acid, pH 5.3; allowed to 
stand 20 min. 1 cc. of this mixture + 5 cc. 2% Hb digested 10 min. at 25°. 
M.eq. tyrosine liberated per 6 cc. digest, at pH 1.2, 0.0045; at pH 2.2, 

0.0034; at pH 3.4, 0.0038 

(1, 6) Same as (1, a) except water, pH 5.3, used instead of iodoacetic 
acid. 

M.eq. tyrosine liberated per 6 cc. digest, at pH 1.2, 0.0044; at pH 2.2, 

0.0034; at pH 3.4, 0.0034 

(2, a) 5 cc. Hb + 0,5 cc. 0.01 m cysteine solution of same pH + 1 cc. 
enzyme (solution containing about 0.0003 Hb unit per cc.) digested 10 rain, 
at 25'. 

M.eq. tyrosine liberated per 6 cc. digest,* at pH 1.2, 0.0036; at pH 2.2, 

0.0028; at pH 3.4, 0.0029 

(2, 6) Same as (2, a) except that cysteine was added just after addition 
of trichloroacetic acid. 

M.eq. tyrosine liberated per 6 cc. digest,* at pH 1.2, 0.0036; at pH 2.2, 

0.0026; at pH 3.4, 0.0027 

* The color due to cysteine was inhibited by treating the 5 cc. aliquot 
of filtrate with 1 cc. of 40 per cent formaldehyde and 10 cc. of 0.5 N NaOH, 
and adding the phenol reagent 5 minutes later (17). 

equal volume of water of pH 5.3. The effect of reduction was 
observed by adding cysteine directly to the Hb solution, as 
suggested by Anson (17). Results of these experiments comprise 
Table II. The only influence shown was a slight increase in 
activity with the addition of either of these reagents, which, ^ in 
view of the effect of salt, may be attributed to increases in ion 
concentrations of the solutions. 

Since the desiccated preparation of salmon pepsin gave a pH 
relationship very similar to that of crystalline swine pepsin, vc 
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attempted to leam whether swine pepsin would show an analogous 
transition during purification. The dependence of actirity on 
pH in the case of swine pepsin has been reported by Sprensen 
(18), Okuda (19), Ringer (20), Michaelis and Mendelssohn (21), 
Northrop (22), and Herriott and Northrop (23). These authors 
state, in most cases, that commercial or purified pepsin had been 
used, and in no case was the use of a crude mucosa extract 
reported. 

A simple extract of s'vs'ine pepsin was made as follows; about 2 
sq. inches of mucosa, taken from the stomach of a pig just slaugh- 



Fig. 5. Dependence of initial rate of digestion of Hb on pH. Curve A, 
crude extract of fresh hog stomach mucosa; Curve B, in presence of 0.1 
X KaCl; Curve C, extract of fresh stomach mucosa of beef. 

tered, was pounded in a mortar with a little sand until thoroughly 
disintegrated, well mixed ^^dth 10 ml. of 0.07 N HCl, and centri- 
fuged. The cloudy supernatant liquid was diluted to 7 volumes 
with water and, after standing half an hour, again centrifuged. 
This clear colorless pepsin solution gave the relationships plotted 
as Curves A and B in Fig. 5. Curve C of the same figure was 
obtained with beef pepsin prepared in a similnr manner. 

The tests with iodoacetic acid and cysteine and the solubility 
curves lead us to believe that the broad curves of Fig. 4 are not 
caused by a certain oxidation-reduction state nor by a mixture of 
enzjTnes. The curv^es of Fig. 5 show an analogous situation in 
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the case of swine pepsin. IVhether the occurrence of two forms 
of dependence of activity on pH is related to- the existence of a 
pepsin-inhibitor complex in the newly formed pepsin, as wa^s 
demonstrated by Herriott (24), or whether other changes occur 
in the pepsin molecule, are questions yet to be answered. 

Influence of Temperature— The ability of cold blooded animals 
to carry on digestive processes in winter months was pointed out 
by Hoppe-Seyler (25) and Rakoczy (26) W'ho studied the pepsin 



Fig. 6. Digestion of 2 per cent Hb at pH 2.0 by crystalline salmon pepsin 
at various temperatures. The ordinates represent the tyrosine equivalent 
liberated in 6 ml. of digest. 

of pike. Hykes, Mazanec, and Szecsenyi (27) showed that the 
perch can digest proteins at almost freezing temperatures. Tlic 
environment of the salmon living in the North Pacific probably 
varies between the limits of 6-15°. In Fig. 6 is shown the progress 
of salmon peptic digestion at pH 2.0 and at various temperatures 
with 2 per cent Hb as substrate. 

We wish to express our thanks to Dr. Ray W. Clough of the 
National Canners Association, the Whiz Fish Products Company 
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of Seattle, and Mr. B. M. Gilmore of the Fishermen's Cooperative 
Association of Neah Bay, Washington, in appreciation of their 
aid in securing the salmon stomachs used in this work. 

BUMMAKY 

The pepsin of the Pacific Coast Idng salmon has been crystal- 
lized; the method of preparation is described in detail. 

An elementary analysis and determinations of tjTosine, trypto- 
phane, and cystine contents have been made. The material is a 
tiTsical protein, but the needle type crystalline form and the 
composition show that this enzyme is distinct from Northrop’s 
pepsin. 

The enzyme, when prepared by the method described, has a 
specific activity of about 0.24 Hb unit, and is active over a wide 
pH range. The presence of salt enhances its activity. 

The activity of salmon pepsin is less responsive to changes in 
temperature than the activity of swine pep-sin. 
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CHOLINE, PANTOTHENIC ACID, AND NICOTINIC ACID 
AS ESSENTIAL GROWTH FACTORS FOR 
PNEUMOCOCCUS 

Sirs: 

A strain of highly virulent Tj^pe I pneumococcus has been grown 
in a medium of pH 7.8 containing, per 10 cc., acid-hj'drolyzed 
gelatin 60 mg., glutamic acid 1 mg., cystine 0.25 mg., ICHsPOa 
50 mg., MgSOi 10 mg., glucose 50 mg., thioglycolic acid 0.5 mg.. 

Influence of Yarying Concenlralions of Choline, Pantothenic Acid, 
and Nicotinic Acid* 

Meat infusion broth controls, Tj^pe I, 2.4; T>'pe II, 2.3; Type V, 2.5; 
Type VIII, 2.4. 


Nephclomete nadinsa 


Nicotioic 

acid 


T>*pel j Typen | TypeV jTypeVm 
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and Bavin 0.001 mg. To this wore added choline, pantothenic 
acid, and nicotinic acid in suitable proportions. ^ 

One strain each of highly virulent Types II, V, and VIII nneu- 
mococw was grown in a similar medium in which the srchtm 
hydrolysate was replaced by a mixture of glutamic acid 10 me. 
glycine 2.5 mg., asparagine 2.0 mg., leucine 1.5 mg., arginine 0.75 
mg., alanine, lysine, cystine, and methionine each 0.5 mg. his- 
tidine,, ^-alanine, and tryptophane each 0.25 mg., norleucine 0.15 
Jiig-i oxyproline 0.1 mg., and phenjdalanine 0.1 mg. 

cultures in the various media had been incubated al 
/" for 15 to 18 hours, their turbidity was measured with a Gates 
nephelometer.* A reading of 4.7 or more indicated essentially no 
growth; a reading of 3.0 or less, good growth. 

The optimum concentration of choline required bj’' each type 
was found to be about the same. Nicotinic acid showed a wider 


range but 'was, in part, dependent upon the concentrations of both 
choline and pantothenic acid. The amount of pantothenic acid 
necessary for growth w'as influenced by the concentrations of 
choline and nicotinic acid as wmll as by the type tested. 

The omission of choline or nicotinic acid prevents growth, as 
does the omission or hydrolysis of pantothenic acid. The presence 
of thioglycolic acid (or presumably a similar reducing agent) is 
also essential for growth. 


Antitoxin and Vaccine Laboratory Leo Rang 

Massachusetts Department of Public Health 
Jamaica Plain 

Department of Biological Chemistry Yellapbagada SobB/U!Oiv 

Harvard Medical School 
Boston 


Received for publication, April 19, 1940 


* Rane, L., and Subharow, Y., Proc. Soc. Exp. Biol, and Med., 38, 837 
(1938). 


ACTION OF 4-AMINO-2-METHyLNAPHTHOL ON THE 
OXIDATION OF CERTAIN SDLFHYDRYL GROUPS 


Sirs: 

Cysteine and reduced glutathione increase clotting timed- - 
According to Kuhnau and Morgenstem* these compounds act 
directly on thrombin. This enz 3 Tne when purified gives a faint 
but definitely positive nitroprusside test.* It is well known that 
various h 3 'drol 3 'tic 0023^103 are activated b 3 ' — SH compounds 
which reduce — S — S — linkages in the protein of the enzyme. 
The inactivating action of these compounds on thrombin indicates 
that this enz 3 'me like insulin is onl 3 ' active when most of the sulfur 
is in the — S — S — form and this would account for the faint nitro- 
prusside test. 

The naphthoquinone group present in all compounds with \ita- 
min K acti\-ity can be reversibl 3 ’’ oxidized and reduced. It was 
therefore of interest to determine whether such compounds could 
catal 3 'ze the oxidation of — SH groups. For this purpose 4-amino- 
2-methylnaphthol HCl (kindly supplied b 3 ' Dr. 0. Kamm) was 
used. It has a high \dtamin K acti\’it 3 ^ In a concentration of 
0.05 mg. per cc. it rapidl 3 ’ catalyzes the oxidation to the disulfide 
of 4.0 mg. of C3'steine or thiogl3'colic acid dissolved in 2.0 cc. of 
0.05 M phosphate buffer, pH 7.8. This catalysis is not inhibited 
by C 3 'anide. It has, however, little effect on the o.xidation of 
reduced glutathione. It causes the rapid disappearance, pre- 
sumably by oxidation, of the — SH groups in the nucleoprotein of 
rat liver as measured by the disappearance of the nitroprusside 
reaction. Finally, in the same concentration, it causes a 50 per 
cent mhibiton in the action of crystalline papain-HCN (kindl 3 ' 
supplied b 3 ^ Dr. A. K. Balls) on milk (1.0 cc. of €1123106 containing 
1.09 mg. of protein N 2 in 5 cc. of milk and 4 cc. of buffer, pH 6.7). 

'Kuhnau, J., and Morgenstem, V,, Z. physiol. Chem., 227, 145 (1934). 

'Mueller, J.H.,andSomniers,S.,/Scienc€, 76, 140(1932). Sterner, J.H , 
and Medes, G., Am. J. Physiol., 117, 92 (1936). 
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This compound, and presumably other compounds with the 
naphthoquinone groups, can oxidize the — SH groups of certain 
proteins. The presence of naphthoquinones in the body may thus 
insure the existence of — S — S — linkages or prevent the reduction 
of such linkages in thrombin when it is formed from prothrombin. 
It could do this by being attached to the thrombin molecule or by 
raising the oxidation-reduction potential of the blood or even 
indirectly by changing the ratio of — SH to — S — S — in the liver. 

Deparlments of Physiology and Phannacology Frederick Bernheiji 
and Biochemistry Mary L. C. Bernheim 

Duke Medical School 
Durham, North Carolina 

Received for publication, May 2, 1940 



THE RACEMIZATION OF GLUTAMIC ACID 


Sirs: 

In order to throw further light upon the presence of d(— )- 
glutamic acid in hydrolysates of normal and cancerous tissues/ 
a pure recrystallized sample of 280 gm. of Z(+)-glutamic acid 
hydrochloride was heated to gentle boiling with 3 volumes of 
concentrated hydrochloric acid (sp. gr. 1.19) for 35.5 hours. An 
analysis of various crops of crystals obtained from this solution 


Crops 

j 

Weight 

1 

I«1d “ 

9 percent HCl 

Nitrogen 

(f form 

1 d form 

1 calenUted 

1 

■■■ 

gm. 

dtgrttt 

cent 

percent 

gm. 


280 

+31.67 

7.58 




256 

■f-31.17 

7.55 




21.9 

-4.26 

7.55 

56.7 

12.42 


0.90 

+2.23 

7.49 1 

46.4 



1 0.274 

+9.9 

7.56 

34.3 1 

0.094 


yielded the results shown in the accompanying table. There 
was 99.67 per cent recovery of the glutamic acid hydrochloride 
used, of which 12.934 gm. or 4.6 per cent had been converted into 
d(— )-glutamic acid hydrochloride. 

An e.\periment carried out for a shorter period of heating showed 
racemization also but in lesser amount. Therefore, the presence 
of d(— )-glutamic acid in protein hydrolysates may be explained 
as due to racemization during acid hydrolysis. Complete details 
will be given in a future paper. 

National Cancer Institute J. M. Johnson 

United States Public Health Service 
Bethesda, Maryland 

Received for publication, May 3, 1940 


* Kogl, F.. and Erxleben, H., Z. physiol. Chem., 258, 57 (1939). Johnson, 
J. M., J. Biol. Chem., 132 , 781 (1940). Chibnall, A. C., Rees, M. W. 
Williams, E. F., and Boyland, E., Nature, 146, 311 (1940). 

459 
















PANTOTHENIC ACID DIPHOSPHATE 


Sirs: 

Since the isolation of pantothenic acid in pure form,** ® and the 
publication of its structure and synthesis," the problem of its 
role in biochemical reactions has received attention. Many” of 
the water-soluble vitamins take part in enzymic reactions as 
phosphate esters, and the possibility that pantothenic acid 
phosphates might be of significance was considered. Pantothenic 
acid acetate’ and some other derivatives in which the hydroxyl 
groups are covered are inactive biologically. H the phosphates 
should be active, one might conclude that either the test organism 
contained a phosphatase capable of splitting the ester or that the 
ester itself took part in cell metabolism. 

Since details of the synthesis of pantothenic acid have not yet 
appeared, our method of obtaining the dl acid will be indicated. 
)3,/S-Dimethyl-a,'y-dihydroxybutyric acid was made according 
to Kuhn and Neustadter^ and its barium salt was acetylated and 
converted to the acid chloride with thionyl chloride. Union with 
/S-alanine ethyl ester and selective hydrolysis of the ester linkages 
were performed as previously described.® The resulting panto- 
thenic acid was converted to the barium salt with BaCOs and 
obtained as a white powder by adding ether to its alcoholic 
solution. Calculated for CisHssOioNsBa, Ba 23.9; found, 23.9. 
650 mg. of pantothenic acid in 10 cc. of ice-cold pyridine were 
treated with 1 gm. of POCI 3 . After 1 hour, the mixture was 
concentrated to dryness under reduced pressure, and taken up in 
cold water. The solution was diluted and treated with 20 gm. of 

‘ Woolley, D. W., Science, 91, 245 (1940). 

’ Williams, R. J., and Major, R. T., Science, 91, 246 (1940). 

* Woolley, D. W., Waisman, H. A., Mickelsen, 0., and Elvehjem, C. A., 
J.Biol. Chem., 126, 715 (1938). 

* Kuhn, M., and Neustadter, V., MonaUh. Chem., 39, 293 (1918). 

‘ Woolley, D. W., Waisman, H, A., and Elvehjem, C. A., /. Biol. Chem., 
129, 673 (1939). 
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norit A. The norit was washed with alcohol and an aqueous 
solution of the eluate was neutralized mth Ba(0H)2. The 
barium salt was obtained as a fine, white powder by adding alcohol 
to its aqueous solution. Yield, 700 mg. Calculated for 
CisH28022N2P4Ba5, P 8.6, Ba 47.8; found, P 8.5, Ba 47.7. At- 
tempts to prepare a crystalline brucine salt were unsuccessful. 


Substance 

Ma-ximum effect with 

di-Barium pantothenate 

1 y per cc. 

Ba salt of dZ-pantothenic acid diphosphate 

Inactive at 70 y per cc. 

Reaction mixture 

Equivalent to 5 r per cc. 


The data summarized in the table show that the diphosphate, 
in common with other esters of pantothenic acid, is biologically 
inactive. Assays were performed by the bacterial method.® 
The fact that the crude phosphorylated reaction mixture had some 
activity probably indicates incomplete phosphorylation. How- 
ever, possible activity of one of the monophosphates or a pyro- 
phosphate which may have been present in the reaction mixture 
may explain the result. These compounds are under investigation. 

Hospital of The Rockefeller Institute for D. W. Woolley 

Medical Research 
New York 

Received for publication, May 10, 1940 


^ Snell, E. E., Strong, F. M., and Peterson, AV. H., J. A7n. Chem. Soc., 
60, 2825 (1938). 






A PHOSPHORYLATED OXIDATION PRODUCT OF 
PYRUVIC ACID 


Sirs: 

It has been shown that pyruvic acid oxidation is dependent on 
the presence of inorganic phosphate,’ but so far it had not been 
possible to demonstrate the formation of a phosphorjdated inter- 
mediate. Since pj'ruvic acid was found to promote aden3'lic 
acid phosphorj’lation,- anj" such intermediate must contain an 
energj’-rich phosphate bond. Phosphop3'ruvic acid had been 
excluded b3' earlier experiments, but recent exidcnce suggested 
that acet3'l phosphate might be the intermediate.’ It was 
found that the phosphate of .S 3 'nthetic acet 3 'l phosphate could be 
transferred to aden3-lic acid by an enz3Tne present in Baclerium 
delbrucMi. Tentative^' the oxidation was formulated as follows: 
GHj-CO-COOH -}- H3PO4 + 0 » = CHVcOOPOjH. + CO2 
+ H-O:. 

In order to obtain a method for determining acet3-l phosphate, 
a closer stud3’ of its stabilit3’' was undertaken. It developed that 
at room temperature acet3’l phosphate is rapidh' broken down 
above pH 8.5 or below pH 2 , but is fairl3' stable between pH 5 
and 7 . Hence, the magnesia mixture used for the determination 
of acid-unstable creatine phosphate is too alkaline for this purpose. 
It has now been found, however, that inorganic phosphate is 
completel3' precipitated at neutral reaction with calcium chloride 
in 30 per cent eth3'l alcohol, whereas the calcium salt of acet3'l 
phosphate is soluble under these conditions. Moreover, cold 
trichloroacetic acid can be used for deproteinization, causing prac- 

* Lipmann, F., Emymologia, 4, &5 (1937). Banga, I., Ochoa, S., and 
Peters, R. A., Biochem. J., 33, 1980 (1939). 

= Lipmann, F., Nature, 143, 281 (1939). Colowick, S. P., tFclch, M. S., 
and Cori, C. F., J. Biol. Chem., 133, 641 (1940). 

* Lipmann, F., Nature, 144, 381 (1939); in Cold Spring Harbor sjinposia 
on quantitative biology. Cold Spring Harbor, 7 , 248 (1939). 
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tically no decomposition. Thus the calcium precipitation method 
can be used to determine acetyl phosphate by difference. 


Pyru- 

vate 

Fluo- 

ride 

0, 

con- 

sumed 

Ca ppt., 
inorRonic 

P 

(I) 

Direct 
estimation, 
inorganic 
4- acid- 
unstable P 

(11) 

Mg ppt., 
inoreanio 

4- alKaii- 

unstable P 

(III) 

Acetyl 
phosphate P 

(11 - I) 

Acetyl P 
Ercess Oi 



c.mm. 

Mff. 

tnff^ 


mff. 

c.mm. 


— 

— 

116 

1.30 

1.32 





-f 

— 

796 


1.30 


0.72 

486 

0.7 

— 

+ 

114 

1.29 

1.31 

1.32 




+ 

-1- 

734 

0.52 

1.32 

1.31 

0.77 

556 

0.9 


Experiments were carried out with enzyme solutions obtained 
from Bacterium delhriickii. After pyruvic acid oxidation for 
about 1 hour, the cooled solution was deproteinized with 2 per cent 
trichloroacetic acid, the filtrate rapidly neutralized, and the true 
inorganic phosphate precipitated with CaCb. As shown by the 
data presented in the table, large amounts of inorganic phosphate 
disappear either in the absence or presence of fluoride, and are 
nearly equivalent to the extra oxygen consumed, in accordance 
with the equation, due allowance being made for the imperfect 
stability of the product. The organic phosphate so formed 
behaves like acetyl phosphate; i.e., it is split readily and com- 
pletely by the acid required to determine phosphate directly 
(II in the table) and (in contrast to creatine phosphate) by 
alkaline magnesia mixture (III). Colorimetric determination 
of phosphate was carried out according to Lohmann and Jen- 
drassik.^ 

The demonstration here of a phosphate compound of such 
limited stability, which is formed metabolically, might well 
necessitate some revision as to Avhat has usually been regarded 
as inorganic phosphate in cells and tissues. 

Department of Biochemistry Fkitz LiPJtANN 

Cornell University Medical College 
New York City 

Received for publication, May 16, 1940 


* Lohmann, K., and Jendrassik, L., Biochem. Z., 178, 419 (1926). 

















roENXmCATION OF THE RICE FACTOR. 
THE CARBOHYDRATE COMPONENT 


Sirs: 

In a former paper on the “rice factor”* we have presented evi- 
dence that gl3'cine is essential for optimum growth of the chick 
and that chondroitin exerts a growth-promoting effect in certain 
diets when the gb’cine and arginine requirements of the chick are 
met. Further studies of the role of chondroitin have revealed 
that its glucuronic acid component is similarlj' growth-promoting 


A “rice factor” casein basal diet containing 1 per cent of added sj-n- 
thetic glj’cine was fed. 


1 

Supplement 



Per cent bnsnl 
gnin made 

Rone 


9 

100 

Chondroitin 

3 

7 

159 

Glucuronic acid 

0.5 

9 

145 

» II ^ 

0.5 

Galactosamine 

0.5 

9 

150 

<( 

0.5 

6 

75 

Hj'drolyzed chondroitin 

3 

9 

84 




On the other hand, the galactosamine component appears to be 
unessential, if not detrimental. Results which illustrate these 
statements are given in the table. The basal diets used were 
sunilar to those previously described.* 

Glucuronic acid, alone or with galactosamine, was effective 
m promoting growth. Galactosamine or acid-hydrolj^zed chon- 
droitin containing galactosamine but no glucuronic acid (destruc- 
tion indicated by a negative Tollens’ test) permitted somewhat 
less growth than that of chicks on the basal diet. 

It seems evident that the growth-promoting effect of polished 
rice and of cartilage in certain experimental chick diets may be a 

* Almquist, H. J., Stokstad, E. L. R., Mecohi, E., and Manning, P. D. V., 
J. Biol. Chem., 134, 213 (1940). 
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composite result of the presence in these ingredients of glycine, 
arginine, and glucuronic acid, or a similarly acting substance. 
Our experiments have clearly differentiated among these separate 
growth factors. 

In addition to increases with glucuronic acid, we have repeatedly 
obtained growth rate increases with sodium alginate, gum arable, 
and certain pentoses. These results indicate that several sub- 
stances related to glucuronic acid may be active also. It seems 
possible that certain of these compounds may serve as precursors 
of the active forms. 

Division of Poultry Husbandry H. J. Almquist 

College of Agriculture E. Mecchi 

University of California 
Berkeley 

Research Laboratory E. L. R. Stokstad 

Golden State Company, Ltd. P. D. V. Manning 

San Francisco 

Received for publication. May 17, 1940 



AN ELECTROLYTIC METHOD FOR THE DETERMINA- 
TION OF THE BASIC AMINO ACIDS IN 
PROTEINS* 


Bt ANTHONY A. ALBANESE 

(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 

(Received for publication, March 21, 1940) 


This work was undertaken in an attempt to fill the need for a 
simple and accurate procedure for the determination of the basic 
amino acids in small quantities of protein. Critiques of the exist- 
ing methods have been made by Mitchell and Hamilton (1), 
Tristram (2), and Hinsberg and Lang (3). The use of phospho- 
tungstic acid as the preliminarj’’ separating reagent for the basic 
amino acids is subject to many limitations; namely, partial precipi- 
tation of other amino acids, variation in solubilitj' of the precipi- 
tates in excess of the reagent, and loss of nitrogen on decomposi- 
tion of the precipitate. This led to the use of the electroljdic iso- 
lation of the basic amino acids, originalb' described b 3 ’^ Foster and 
Schmidt (4). 

In outline, the steps of the method to be presented are the fol- 
lowing. The protein is hydrolyzed bj' boiling with 20 per cent 
hj^drochloric acid. An aliquot of the whole hydrolysate equivalent 
to 0.5 to 1.0 gm. of protein is submitted to the electrolj'tic pro- 
cedure. From the final catholyte arginine is removed as the 
flavianate (5), histidine is precipitated with mercuric chloride 
(6), and Ij'sine is determined bj' a micro-Kjeldahl analj'sis of the 
final fraction. 

It is not necessarj^ to remove the humin bj^ filtration, to remove 
the excess hydrochloric acid bj"^ vacuum concentration, nor to 
remove the amide nitrogen. All of these steps are accomplished 


* This report is from a dissertation submitted in partial fulfilment of 
the requirements for the degree of Doctor of Philosophy in the Faculty of 
Pure Science, Columbia University. 
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by the electrolytic procedure without the loss of nitrogen usually 
attendant on adsorptive or mechanical processes. The humin is 
retained in the middle compartment of the cell. The hydro- 
chloric acid of the hydrolysate is removed by the migration of 
chloride ions to the anode, where they are discharged as chlorine. 
The amide nitrogen present as ammonia is volatilized at the cath- 
ode from the alkaline solution with the hy'-drogen there liberated. 

Details of M ethod 

Hydrolysis — 1 to 2 gm. of the protein to be analy'^zed is hydro- 
lyzed by refluxing for 24 hours with 5 cc. of 20 per cent hydro- 
chloric acid per gm. of protein in an all-glass apparatus. The 
hydrolysate is diluted to a convenient volume in a volumetric 
flask, and the total nitrogen is determined by the micro-Kjeldahl 
procedure. An aliquot representing 0.5 to 1.0 gm. of protein is 
used for the electrolysis. 

Electrolysis. The Cell — This (Fig. 1) consists of three wooden 
sections, the contiguous surfaces of which are covered with gasket 
rubber. The remaining exposed surfaces are water-proofed with 
several coats of spar varnish. The capacity' of each section is 
approximately 100 cc. Taps are provided for the rapid and com- 
plete removal of solution from the anode and cathode compart- 
ments. The assembled cell is held together by long bolts. A 
piece of quarter inch sheet carbon is used for the anode and 
platinum gauze for the cathode. 

Dissimilar membranes are used at the anode and cathode com- 
partments. The anodic membrane consists of linen coated with 
gelatin hardened in 4 per cent formaldehyde solution. The catho- 
dic membrane is of parchment paper. This combination is used 
to minimize endosmotie effects (7-10). 

The temperature of the cell is kept at about 20° by circulating 
tap water through V-shaped glass tubes immersed in the end- 
chambers. The solution in the center section is agitated by a 
small air-driven turbine stirrer; the anolyte and catholyte arc 
stirred by the gases liberated there. 

The electrical circuit consists of a 100 watt lamp, a 0-1 ampere 
ammeter, and the electrolytic cell electrodes connected in senes 
to the 110 volt D.c. line. A scale diagram of the entire apparatus 
is shown in Fig. 1. 
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EleclTolylic Tcchniquc—ThG anode and cathode compartments 
of the assembled cell are filled with distilled water, the middle 
chamber being only half filled. The current is turned on, and 
the sample is pipetted into the middle section, which is then filled 
with distilled water to the same level as the others. The comple- 
tion of electrolysis is indicated by the current drop (Fig. 2). 
The contents of the cathode compartment are then run into a 



Fig. 1. Drawing of apparatus used for the electrolytic separations. 
1 air-driven stirrer, 2 ammeter, S electrolytic cell, 4 cooling tube, 5 appara- 
tus stand, 6 compartments of cell, 7 compartment tap. 

volumetric cylinder. The chamber is washed several times with 
distilled water, and the washings added to the original catholyte. 
The current is turned off. The contents of the anode and middle 
compartments are discarded. This first electrolysis effects the 
elimination of hydrochloric acid and the more acidic of the amino 
acids. The complete separation of the basic amino acids into the 
cathode chamber is accomplished by a second electrolysis of the 
primary catholyte. 

First ElecirohjsisShovtly after the sample has been introduced, 
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the current rises rapidly to 760 to 800 milliamperes, where it 
remains for about 6 hours, the time depending upon the amount 
and composition of the protein. About half the contents of the 
anode chamber is removed at hourly intervals and replaced by 
distilled water. The electrolysis is complete when the current 
drops to 100 to 200 milliamperes; the middle compartment solu- 
tion then gives negative phosphotungstic acid and Sakaguchi 
tests. The catholyte usually contains about two-thirds of the 
total nitrogen of the protein used, is alkaline to phenolphthalein, 
and free of chloride ion. The electroly'^sis curve (Curve I) for a 
gelatin h 3 ’'droIysate is shown in Fig. 2 . 



Fig. 2. Electrolysis curves for hydrolyzed gelatin. Total N, 158 mg. 
Curve I, electrolysis of hydrolysate; Curve II, electrolysis of primary 
catholyte; Curve III, electrolytic removal of the fiavianic acid. 

Second Electrolysis — A few drops of brom-cresol purple and 
methjd red are added to the primary catholyte. Dilute H 2 SO 4 is 
then added until the purple color turns to a distinct yellow, pH 
5.6 to 5.8. Care must be taken to prevent the appearance of the 
red color of methyl red, pH 4.6. This solution is introduced into 
the middle chamber as before. The current rises rapidly to about 
450 to 500 milliamperes and then slowly drops to 50 to 75 milH- 
amperes in about 45 minutes, when the electrolysis is complete 
(Curve II of Fig. 2). 

That the basic amino acids had been completely transported to 
the cathode chamber under these conditions was again shown 
in preliminary experiments by negative phosphotungstic acid and 
Sakaguchi tests on the middle compartment. 
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The middle compartment solution in this electrolysis re- 
mains yellow during most of the nin, with gradual reddening 
towards the end. It is not necessarj' to readjust the pH. An 
increase in the mean acidity- of the amino acids remaining in the 
center section is to be expected as the basic components leave the 
chamber. Migration of the neutral amino acids into the cathode 
chamber is prevented by the alkalinity of the cathoh'te. 

The cathode solution so obtained is strongl 3 ' alkaline to plienol- 
phthalein and Cl“-free. If it gives a positive tost with No.ssIer’s 
reagent, it is aerated until free of ammonia. 


Table I 

Data on Primary Electrolysis of Protein Hydrolysates 


Protein hydrolj-sate 

Total N 

1 Ba.*ic K 

1 trtMported 

j 

Time 

Ba^jc N trans* 
ported per hr. 

i 


mg. 

1 

hrs. 

j 

Edestin 

149.0 

1 56 

4.25 

13.1 

Horse Hb 

1 132 

i 46 

1 6.00 

1 7.65 

Fibrin 

152 

i 42.6 

1 6.00 

7.10 

Gelatin 

1 158.0 

1 37.6 i 

1 7.00 

1 5.37 

Fibrin 

1 74 

1 20.7 ’ 

1 4.25 

i 4.S5 

Casein 

! 137.5 

i 32 

i 7.00 

’ 4.57 

Gelatin 

i 95.0 

1 23.6 

1 5.50 

1 4.30 


Rale of Electrolysis — Similar electrolj'sis cun'es are obtained 
with hj'droh'sates of the various proteins, the onlj’ difference 
being in the duration of the first electrolj’sis. This appears to be 
a function of the amount of basic nitrogen in the electrolj'sate 
(Table I). 

Recovery Delerminalions on Eleclrolylic Procedure — ^Electroh'ses 
of arginine hj'drochloride were made as described for the protein 
hydrolj’sates. 50 cc. of a solution containing 29.0 mg. of N as 
pure arginine hydrochloride were lam into the middle compart- 
ment of the cell. The electrolj'sis was complete in 25 minutes, 
as indicated b 3 ’^ the current rise and drop. The resulting eathol 3 ’te 
contained 29.0 mg. of N. In a similar experiment with 5.83 mg. 
of N as arginine h3'drochIoride, the cathol 3 'te was found to con- 
tain 5.82 mg. of N. 
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Chemical Procedures for Isolation of Basic Amino Acids 

Separation and Determination of Arginine — To the second catho- 
lyte, acidified to methyl red with dilute sulfuric acid and heated 
on the steam bath, is added flavianic acid solution (1.2 moles per 
mole of arginine expected). After 10 minutes the mixture is 
allowed to cool to room temperature and stored in the ice box for 
several days. The arginine flavianate is filtered off, dried, and 
weighed. A solubility correction of 1.0 mg. of arginine N per 
100 cc. of solution^ is applied to all reported values. The arginine 
N value calculated from the monoflavianate (11.48 per cent) is 
reported as per cent of the total N of the protein. 

Electrolytic Removal of Flavianic Acid — The troublesome re- 
moval of the excess flavianic acid from the filtrate from the 
arginine flavianate by the usual chemical procedures and the 
consequent loss of nitrogen are obviated by electrolysis. In 
this process, the arginine flavianate filtrate is introduced into the 
middle compartment of the cell as previously described. A drop 
of dilute sulfuric acid is added to both the anode and cathode 
compartments to increase the initial conductivity. The flavianic 
acid passes to the anode, histidine and lysine to the cathode. The 
electrolysis is complete in about an hour. The current change is 
plotted in Curve III of Fig. 2. 

Histidine Determination — ^The method for the preparation of 
histidine described by Foster and Shemin (6) is adapted to this 
work in the following manner. The alkaline catholyte from the 
electrolytic removal of flavianic acid is made just acid to methyl 
red with dilute HCl. Saturated aqueous solution (6.9 per cent) 
of HgCk is added (4 moles per mole of histidine expected). Dilute 
NaOH is added drop by drop until the red color of methyl red 
is discharged and a pinkish tinge (pH 6.8 to 7.0) appears with 
phenol red, when a white flocculent precipitate forms. The re- 
sulting mixture (about 100 cc.) is allowed to stand at room tem- 
perature for several hours and centrifuged. The precipitate is 
washed twice with about 10 cc. of water, dissolved in dilute HCl, 

> This solubility correction was determined for the above conditions 
of arginine precipitation in the following manner. 100 cc. of the filtrate 
from the precipitation of pure arginine as the monoflavianate were sub- 
mitted to electrolysis as described in the next section, and its arginine 
content estimated by Kjeldahl analysis of the catholyte. 
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made to volume, and aliquots removed for micro-Kjeldahl deter- 
minations. The nitrogen content of the whole solution is esti- 
mated as histidine N in per cent of the total N. 

Lysine Determination — ^The supernatant and washings of the 
histidine precipitate are made to volume and aliquots analyzed. 
The total N of the fraction, less the N due to the solubility of the 
arginine tlavianate, is estimated as l 3 'sine N. 


Analysis of an Artificial Mixlure of Amino Acids 

In order to test the precision of the method outlined above, a 
mixture of amino acids (Table II) was made simulating the com- 
position of a protein h 3 -drol}'sate. The amino acids used for this 
e.xperiment were highl 3 ^ purified, with correct nitrogen values. 
50 cc. aliquots of this solution were anal 3 'zed, equivalent to 223 
mg. of total K or approximately 1.4 gm. of protein, and contain- 
ing 47.8 mg. of basic N. The results are shown in Table III. 
Attention is directed to the variation of the histidine figures prior 
to the use of the electrolytic removal of flavianic acid and to 
their relative constanc 3 " after its adoption as a routine step. 

Analysis of Proteins 

Gelatin — ^Two specimens of gelatin were anal 3 ’zed. The anal- 
3 ’sis of Gelatin A (a granular gelatin containing 16.1 per cent N) 
was made on an aliquot of a 500 gm. h 3 -drol 3 ’sate. The anal 3 "ses 
of Gelatin B (Eastman Kodak gelatin containing 15.16 per cent 
N) were made on aliquots of a h 3 ’^drolysate of 10 gm. The results 
are shown in Table IV. 

Fibrin — 20 gm. of cattle fibrin (Eimer and Amend) were h 3 'dro- 
lyzed and made up to 250 cc. A small aliquot was removed for 
micro-Kjeldahl determination; the protein was found to contain 
15.2 per cent N. The anal 3 ’sis is reported in Table IV. 

Casein — 10 gm. of Merck’s casein (according to Hammarsten) 
Were h 3 '-droIyzed and the h 3 'drol 3 "sate was made to 250 cc. Micro- 
Kjeldahl determinations on this solution showed the protein to 
contain 13.75 per cent N. The basic amino acid estimations were 
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Tablk II 

Cumposition of Amino Acid Mixture 


The mixture contained 15 cc. of HCl and distilled water to make 1 liter. 


Amino acid i 

1 

1 

Amino acid in 
mixture 

Amino acid N in 
mixture 

1 

gm. 

gm. 

Glycine 

10.698 

1.995 

Proline 

4.147 

0.523 

Oxyproline 

Z.577 

0.382 

Glutamic acid 

2.518 

0.239 

Phenylalanine 

1.091 

0.093 

Cystine 

1.226 

0.131 

Leucine 

0.420 

0.046 

Tyrosine 

1.284 

0.100 

Histidine HCLHjO 

1.908 

0.387 

Arginine HCl 

1.554 

0.413 

Lysine HCl 

0.996 

0.153 

Totals 

29.419 

4.462 


Table III 

Results on Analysis of Amino Acid Mixture 


Total N used for each analysis, 223 mg. 


1 

N fraction 

N 

pres- 

ent 

N recovered 

Chemical removal of flavianio 
acid 

Electrolytic removal 
of flavianic acid 

I 

1 

II 

III 

IV 

I 

II 

Dupli* 

cato 

differ- 

ence 

Primary catholyte, mg. . 


164 

158 



158 

■ 

■ 

Second catholyte, mg. . . 


46.9 

46.8 

47.2 

46.9 



■ 

Arginine N, mg 

20.65 

20.0 





20.5 


“ “% 

9.26 


1 


1 

9.15 

9.20 

0.05 

Histidine “ mg 

19.35 

19.50 

18.50, 


17.10 


19.50 


" “% 1 

8.68 



1 


8.75 

8.75 


Lysine N, mg 

7.6 

7.0 


7.2 

7.3 

7.3 

I 7.4 


“ “ % 

3.42 





3.31 

3.37 


Total basic amino acid 





i 



1 

N, 7ng 1 

47.8 

1 

46.7 

46.2 

46.3 

45.5 

47.4 

47.6 
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made on aliquots containing 137.5 mg. of total 'N. The analytical 
results are given in Table W. 

Edestin- — 5.746 gm. of edestin were hydrolyzed with 30 cc. 
of 20 per cent In'drochloric acid for 24 hours. The h^'droh'satc 
was diluted to 100 cc. Micro-Kjeldahl determinations indicated 
17.30 per cent N in the protein. The basic amino acid analyses 
reported in Table IV were made on aliquots of the diluted h}'- 
drolysate containing 149.5 mg. of total N. 


Table IV 


Results of Protein Analysis in Percentages of Total Nitrogen 


Protein 

Total N 
in sample 
analysed 


Arginino j 

Histidine 

Lysine 


Avetago t 


A%-er»ge 


Average 




i 




i 

Gelatin A 

26S 

11.5 


2.09 


I 6.87 


" B 

158.5 

11.60 


1.14 


I 10.1 



158.5 

11.65 ! 

1 1 

! 1.14 


10.1 


1 

95.0 

11.60 ! 

' 11.62 

i 1.15 

1.14 

10.05 

10.08 

Cattle fibrin 

152.0 j 

14.0 


3.70 j 


11.50 


1 

1 

152.0 

13.95 

i j 

3.72 


11.40 



74.0 

14.0 j 

13.98 1 

Lost 

3.71 i 

Lost j 

11.45 

Casein 

137.5 

7.31 1 


5.32 

1 

1 

10.20 i 



137.5 

7.40 

7.36 

5.40 

5.36 

10.23 

10.22 

Edestin 

149.5 

26.30 


4.25 


3.21 



149.5 

26.30 

26.30 

4.27 

4.26 

3.23 

3.22 

Horse Hb 

132 

6.96 


14.50 


11.25 



110 

6.95 

6.96 

14.45 

14.48 

11.35 

11.30 


Horse Hemoglobin ^ — A sample of horse hemoglobin, three times 
recrystallized, dialyzed free from chloride, and coagulated by 
heat, was analyzed. 1.973 gm. of the protein were hj'drolyzed 
as before. The hydrolysate was made to a volume of 50 cc. 
Micro-Kjeldahl determinations showed the protein to contain 
13.40 per cent N. The results of these analyses are shown in 
Table IV. 


* Kindly presented by Dr. H. B. Vickery. 

* Kindly presented by Dr. E. J, Cohn. 










476 


Basic Amino Acids in Proteins 


Identificalion of Amino Acid Fractions 

Experiments are now presented which show that in the protein 
analyses just recorded, the arginine, histidine, and lysine fractions 
are not detectably contaminated. 

Arginine — The most likely contaminants, besides inorganic 
matter, of the arginine monoflavianate would seem to be arginine 
and histidine diflavianates. The carbon, nitrogen, and sulfur 
contents of these three compounds are too nearly alike to be useful 
criteria of purity. Nor are their decomposition temperatures 
satisfactory. The determination of the a-amino N on the flavi- 
anates is handicapped by the fact that relativelj’' large amounts 
are necessary for suitable volumes of gas. The difference between 
the amino acid nitrogen of arginine monoflavianate and of the 


Table V 

Melting Points and Theoretical Percentage Composition of Arginine and 

Histidine Flavianates 



M.p. 

s 

1 

N 

1 ^ 

Amino 

N 

Amino 
acid N 

Arginine monoflavianate 

° C . 

258-260 

6.54 

17.2 

1 

39.2 

1 

! 2.85 

11.48 

“ diflavianate (11). . . . 

220-228 

7.95 

13.9 

38.8 

1.75 

6.96 

Histidine " 

251-252 

8.17 

13.3 

39.5 

1.79 

' 5.36 

1 


possible contaminants appears to offer the best basis for assay- 
ing the arginine fraction (Table V). 

A weighed sample of the flavianate is suspended in water and 
dissolved with a minimal amount of dilute NaOH solution. The 
volume is made to about 100 cc., and dilute H2SO4 is added to 
bring the solution to about pH 3, just acid to Congo paper. 
This solution is transferred to the middle compartment of the 
cell and the electrolysis carried out as described for the removal of 
flavianic acid. The electrolysis of 300 mg. of arginine flavianate 
is accomplished in 25 minutes. The catholyte is run into a 
volumetric cylinder and aliquots taken for micro-Kjeldahl de- 
terminations. The amount of N in the whole catholyte repre- 
sents the amino acid N in the flavianate. Aliquots of this solution 
are tested for histidine by the diazo reaction, which is sensitive to 
1 part of histidine in 200,000 (12). 
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The results so obtained are shown in Table None of the 
flananates showed the presence of histidine and the amino acid 
N percentages closelj' approximated the theoretical figure for 
arginine fla\'ianate (11.48). The melting points, which are 
really decomposition temperatures, are also given in Table '\T. 
This e\’idence establishes the puritj’’ of the arginine flavianates. 

Hislidine N — ^The onlj' other amino acids that are known to be 
precipitated from vety dilute solution by mercuric chloride at the 
pH of the histidine precipitation (pH 7) are cj’stine and methi- 
onine. These, of course, are excluded by the electroljiiic separa- 


Tabi.e VI 

Analytical Data on Basic Amino Acid Fractions 


Protein hydrolj-sate 

Arginine flarianate 

Histidine fraction 

of protein 

Lj*sine fraction 
of protein | 

N pptd. 

; by phos-^ 

Amino 
add N 

5Lp.. un- 
coirected 

Kieldtthl ' 
N 

<r“ Amino 
NX3 

Kjeldahl 

i N 

Amino 

N 

! acid (see 

1 Fig. 3) 

Gelatin (East- 

j>«r c<nt 

•c. 

per cent 

per cent 

I 

ptr cent 

per cent 

per cent 

man Kodak) . 

11.57 

259-260 

1.14 


10.10 

10.11 

88.7 

Cattle fibrin . . . 

* 

« 

3.42 

0 

11.50 

• 

* 

Casein 

11.45 

257-259 

5.32 

5.47 

10.20 

10.23 

89.2 

Edestin 



4.27 

4.25 

3.23 

1 ^ 

73.5 

Horse Hb 


1 257-258 

14.50 

14.53 

11.25 


86.7 


* Discarded. 


tion of the bases. Aliquots of this fraction were tested for am- 
monia with Nessler’s reagent. The possible presence of arginine 
was tested for by the Sakaguchi reaction, which is positive in the 
presence of arginine in a dilution of 1:1,000,000 (13). Uniformly 
negative results were secured. The determination of the amino 
N in this fraction was made by the method of Van Slyke (14). 
The values so obtained were multiplied by 3 and calculated for 
histidine N as per cent of total N in the protein. These figures 
and the corresponding Kjeldahl nitrogen values are listed in 
Table VI. The close conformity of the histidine fractions to these 
criteria of purity makes it evident that the nitrogen so reported 
is all in the form of histidine. 

Lysine V— Aliquots of this fraction from the different proteins 
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were submitted to estimation of the amino nitrogen according to 
the method of Van Slyke. The reaction was allowed to proceed 
for 30 minutes. The Sakaguchi and Nessler tests were both con- 
sistently negative. Since the precipitation of lysine by phospho- 
tungstic acid (15, 16) is not complete, being influenced by condi- 
tions of acidity, reagent concentration, and lysine concentration, 
experiments were made to determine the completeness of precipi- 
tation with an authentic specimen of pure lysine hydrochloride 
under standard conditions. The conditions adopted were total 
volume of test 10 cc., lysine N between 0.1 and 0.7 mg., phospho- 



Fig. 3. Comparison of precipitability with phosphotungstic acid of N 
of lysine fractions and N of authentic lysine. O, authentic Ij'sine; •, 
casein; 3, edestin; C, gelatin; ©, horse hemoglobin. 


tungstic acid in the ratio of 260 mg. per mg. of lysine N, acidity 
5 per cent sulfuric acid, 3 days in the ice box. After centrifuga- 
tion, the supernatant was analyzed b}'’ the Kjeldahl procedure. 
The results are shown in Fig. 3. 

Since the experimental solutions are filtrates from the histidine 
precipitate and hence contain HgCb, the effect of the presence of 
this substance on the precipitation of lysine by phosphotungstic 
acid was investigated. The presence of 6.9 mg. of HgCb in 10 
cc. of test solution completely prevented the precipitation of 
0.426 mg. of lysine N. This indicated the necessity of the removal 
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of Hg from the solutions prior to the phosphotungstic acid test. 
This was accomplished bj' the use of H;S, the excess of which was 
removed from the filtrate by a stream of nitrogen. The solutions 
were treated with phosphotungstic acid under the conditions 
noted above. The percentage of nitrogen precipitated in each 
instance is plotted in Fig. 3. The relation of these points to the 
solubility cur\'e of the known tysine indicates that the nitrogen 
of the lysine fractions behaves as does the nitrogen of authentic 
Ij'sine within reasonable limits of error. 

The data resulting from these confirmatory tests (Table VI) 
are interpreted as follows: The agreement of the amino N and 
Kjeldahl N figures indicates the absence of histidine, ar^nine, 
proline, and oxj’proline within the limits of error of the methods 
used. Negative diazo and Sakaguchi tests confirm the absence 
of histidine and arginine. A negative Nessler test shows that, in 
the long reaction period required for the estimation of amino N, 
ammonia did not contribute to the nitrogen so determined. These 
tests, however, do not exclude the presence of the monoamino 
acids. If the nitrogen in the fraction is exclusivety lysine, then 
phosphotimgstic acid will precipitate all the nitrogen with the 
exception of that corresponding to the solubility of the lysine 
salt. Since the nitrogen in the tysine fractions of the different 
proteins investigated conformed to these tests, it is concluded that 
it is tysine nitrogen.'* 

DISCUSSION 

In a comparison of the method presented with existing proce- 
dures two features will be discussed, ease of operation and preci- 
sion. As pre\dousty shown, the electrolytic method is free of all 
chemical or mechanical operations which make for loss of nitro- 
gen. 'Ihe first electrotysis, which is the most time-consuming 
step, requires but little attention. Only one filtration, that of 
arginine flavianate, and one centrifugation, that of the histidine- 
HgCb complex, are necessary. The transfers of liquid are kept 
at a minimum by the use of graduated vessels. 

The accuracy of the method is established from the analysis of the 
amino acid mixture. The precision determined bj' difference be- 

* In this work no attempt has been made to differentiate between lysine 
and hydroxylyaine (17). 



Table VII 


Comparison of Errors of Various Methods for Basic Amino Acid Analysis 

of Proteins 


N fraction 

Moxlmumdiffcronco between 
duplicates in terms of per cent 
of total N in protein 

Average difference between 
duplicates 

Electro- 

lytic 

Von 

Slyko 

Tris- 

tram- 

Block 

Vickery 

and 

cowork- 

ers 

Electro- 

lytic 

Van 

Slyko 

Tris- 

tram- 

Block 

Vickery 

and 

cowork- 

ers 

Arginine 

1 

1.27 


IB 


m 

0.52 


Histidine 


0.93 





0.14 

0.47 

Lysine 


1.23 




m 

0.15 

0.32 


Table VIII 

Comparison of Results of Protein Analysis by Electrolytic Method and 

Other Methods 


Protein 

Jfethod 

Distribution in per cent of totoi N 

Arginine 

Histidine 

Lysine 

Gelatin 

Electrolytic 

11.62 

1.14 

10.08 


Van Slyke (15) 

14.70 

4.48 

6.32 


“ (18) 

15.7 

6.7 

9.8 


(19) 

13.6 

0.3 

12.1 


Arginase (20) 

15.68 

1 



riavianic acid (5) 

16.45 




Diflavianate (11) 

15.3 I 

1 


Cattle fibrin 

Electrolytic 

13.98 

3.71 

11.45 


Van Slyke (15) 

13.2-14.3 

3.9 

10.8-12.0 


' " (21) 

10.91 

4.36 

12.05 


Arginase (20) 

14.31 




Silver (22) 

13.97 

3.83 

10.95 


Diflavianate (11) 

14.8 



Casein 

Electrolytic 

7.35 

5.36 

10.22 


' Van Slyke (23) 

7.40 

6.2 

10.3 


Arginase (20) 

7.95 




1 Silver (2) 

8.4 

! 3.3 

7.85 


" (24) 

7.7- 8.2 

3.2 

7.73 


Diflavianate (11) 

7.7 



Edestin | 

Electrolytic 

26.30 

i 4.26 

i 3.22 


Van Slyke (15) 

26.4-27.7 

4. 6-6. 8 

3.8 


Arginase (20) 

26.7 

1 



Silver (2) 

26.85 

3.0 

2.59 


“ (24) 

i 23.8-27.4 

2. 6-3.0 

2.2 

1 

Diflavianate (11) 

28.9 



Horse Hb 

Electrolytic 

J 6.96 

14.48 

11.30 


Van Slyke (25) 

1 7.8 

13.0 

11.1 


Silver (26) 

! 6.40 

' 12.40 

9.30 


Diflavianate (11) 

6.92 
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tween duplicate estimations is 0.05 for arginine, 0.00 for histidine, 
and 0.06 for lysine in terms of per cent of total N in the solu- 
tion.. The reproducibility of results in the analyses of proteins 
approximates these limits. The comparison of the differences in 
duplicates found by this method and other procedures is given 
in Table VII, in which the maximal and average differences in the 
duplicate analyses of each constituent are listed. 

The largest reported differences are given by the method of 
Van Sb'ke (15). The precision calculations on the Block proce- 
dure are made from the excellent critical studj' of this method 
by Tristram (2). When the various modifications and correc- 
tions worked out by Tristram are applied, this method has a 
precision second to the electrolj'tic procedure. The figures on the 
macromethod of Vickerj- and coworkers were computed from 
published data. 

The results obtained in the analysis of the various proteins by 
the electrolidiic method are compared in Table ^TII with those 
obtained by other methods. However, direct comparison of re- 
sults on the analysis of proteins is of questionable validity except 
where the source of the proteins is identical. Attention is directed 
to the difference in composition found in two samples of gelatin 
analyzed by the electrolytic procedure. 

SUMMART 

A micromethod is presented for the determination of basic 
amino acids in hydrolysates of 0.5 to 1.0 gm. of protein. The 
procedure is based on the preliminarj" separation of these sub- 
stances from the other products of protein hydrolysis bj-- electrical 
transport. This is followed by separation of arginine as the 
flavianate. The fla^danic acid in the filtrate from this precipita- 
tion is removed by electrolysis. Histidine is precipitated as the 
mercuric chloride complex. Lysine is estimated from the residual 
nitrogen. Evidence is presented for the purity of these fractions, 

Anatyses of some proteins by this method are presented and the 
results compared with those obtained by other methods. 

The author wishes to express his deep appreciation and grati- 
tude to Professor G. L. Foster for the helpful suggestions, con- 
stmctive criticisms, and encouragement given in the eourse of 
this work. 
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ON THE OCCURRENCE OF IRON-PORPHYRIN COM- 
POUNDS AND SUCCINIC DEHYDROGENASE IN MARINE 
ORGANISMS POSSESSING THE COPPER BLOOD PIG- 
MENT HEMOCYANIN 

Bt eric G. ball axd BETTIXA MEI'ERHOF 

(From Ihe Department of Physiological Chemistry, the Johns Hophins Uni' 
versity School of Medicine, Baltimore, and the Marine Biological 
Laboratory, Woods Hole) 

(Received for publication, March 30, 1940) 

The process of oxygen utilization in mammalian tissues appears 
to proceed through a chain of iron-porph 5 Tin compounds com- 
posed of hemoglobin, myoglobin, cjdochrome oridase, and the 
three cytochromes, a, b, and c. Certain marine organisms, how- 
ever, possess instead of hemoglobin a copper blood pigment, 
hemocyanin, which functions in a manner similar to the iron blood 
pigment (cf. Redfield (10)). It is of interest, therefore, to inquire 
whether these organisms are also lacking in those other iron- 
porphjTin compounds that form part of the respiratory chain in 
mammalian tissue. We have accordingly e.vamined for iron-por- 
phyrin compounds various tissues of some of those marine forms 
possessing hemocj'anin which are indigenous to the waters sur- 
rounding Woods Hole. We have also sought for the presence of 
succinic dehydrogenase in these same tissues, since this enzyme 
appears to be intimately^ bound up with the cytochrome sy'stem 
and the general respiratory cycle of mammalian tissues (12, 13). 

Methods 

With the exception of cytochrome oxidase, the iron-porphyrin 
compounds under consideration possess such well defined absorp- 
tion spectra that their detection in tissues is possible by direct spec- 
troscopic observation. Oxymyoglobin, according to Theorell (14), 
possesses absorption peaks centered at X 582 and 542 m^i, while 
the non-oxygenated form has a relatively' weaker band centered at 
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X 555 m;ii. The three cytochromes on the other hand absorb very 
strongly in the reduced state and but weakly in their oxidized 
form. Keilin (3) has located the main bands of reduced cyto- 
chromes a, h, and c at X 605, 565, and 550 m/j. respectively. We 
have, therefore, assumed that the observation of absorption bands 
in tissue whose positions approximate, both in the presence and 
absence of oxygen, those described here for myoglobin and the 
three cytochromes constitutes evidence for the presence of these 
compounds in the tissue under investigation. For the present 
purpose a hand spectroscojje with an attached wave-length scale 
proved suitable, a carbon arc lamp being used as a light source. 
Usually the tissue to be examined Avas placed between tAvo micro- 
scope slides held betAveen screAv clamps, the thickness of the tissue 
being varied as suited the concentration of pigment encountered. 
If no bands Avere Ausible, the tissue Avas ground Avith sand, and 
dithionite (NasSoO^) added to insure reduction of the cytochromes, 
and the observation repeated. The absence of hemoglobin in the 
preparations greatly facilitates the direct observation of the 
cytochrome bands in the untreated tissue. In fact the heart 
tissue of some of these organisms has proved to be the best un- 
Avorked material knoAvn to the authors for the demonstration of 
the cytochrome spectra. Myoglobin, except in one case, Avas 
usually'' present in such Ioav concentration that the AA'eak absorp- 
tion of its reduced form did not interfere Avith the observation 
of the reduced cytochrome bands. 

Succinic dehydrogenase Avas tested for by the ability' of tissue 
preparations to catalyze the I’eduction of methylene blue by 
sodium succinate. The tissue to be investigated Avas ground AA'ith 
sand and an equal Aveight of Avater. The preparation Avas then 
centrifuged, the supernatant discarded, and the residue Avashed 
tAvice more in the same manner Avith Avater. The Avashed tissue 
Avas then Avell ground Avith 2 ml. of 0.1 m NajHPO^ solution for 
each gm. of original Avet tissue and alloAved to stand for hour 
in the ice box. It Avas then centrifuged briefly' to throAv doAvn the 
sand and coarser tissue particles. The turbid supernatant Avas 
decanted off and cmploy'ed for tlic test, Avhich Avas run in evacuated 
Thunberg tubes. Each tube contained 2 ml. of 0.1 M phosphate 
buffer, pH 7.2, 0.5 ml. of the tissue preparation, and 0.3 ml. of 
0.004 per cent methylene blue. The side tube contained 0.2 ml. 
of 0.2 M sodium succinate or in the case of the control 0.2 ml. of 
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water. The tests and usually the preparation of the tissue were 
carried out at room temperatures (average 25°). In the case of 
the squid, however, it was necessar}' to prepare the tissue at ice 
temperatures in order to retard the rapid disintegration the tissues 
of this organism undergo when handled at room temperatures. 
The tissues of marine forms in general appear to be so much more 
susceptible to handling than mammalian tissues that no attempt 
was made to prepare fumarase-free succinic dehydrogenase by the 
treatment employed by Lehmann (7). The presence of fumarase 
in the preparation is without serious consequences for the purpose 
at hand. 

The direct spectroscopic obseia'ation of cj^ochrome oxidase in 
most tissues is not possible, either because of its low concentra- 
tion or because of the fusion of its absorption band with that of 
cytochrome a (c/. Keilin and Hartree (5)). The presence of the 
three cj’tochromes in tissue is a good indication, though, that 
cytochrome oxidase is also present. We have, however, chosen to 
attempt its detection enzjTnaticallj' by testing the ability of 
tissue extracts to catalyze the air oxidation of reduced cido- 
chrome c. The tissue extracts were the same as those prepared 
for the succinic dehydrogenase test, since this enzjmae and the 
cjlcchrome sj'stem are found to accompany each other in this 
preparation. Cytochrome c was prepared from beef heart bj' 
the method of Keilin and Hartree (4) and reduced previous to the 
test by dithionite. 

Results 

Limulus polyphemus {Horseshoe Crab)— The heart and j'ellow 
claw or skeletal muscles of this animal showed the absorption 
spectra of the three reduced cji;ochromes in their usual positions. 
The heart muscle was, however, the tissue richest in c\’tochrorae 
content and it could be shown that the oxidation-reduction po- 
tentials of the three cidochrome components in this tissue 
decreased in the order a, c, b as found by Ball (1) for the cyto- 
chromes of mammalian heart. These same muscles were also 
found to contain succinic dehydrogenase. In the white skeletal 
muscle, however, neither cytochrome nor succinic dehydrogenase 
could be detected. Myoglobin does not appear to be a constit- 
uent of any of the muscles of this animal. 

Two other pigments of a hemochromogen nature have been 
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observed in this organism. One of these was found in the abundant 
clot formed when the blue blood of this animal is shed. Spectro- 
scopic observation of the hemocyanin-free clot showed that it 
contained a pigment with a sharp absorption band centered at 
X 555 to 560 m/i. The addition of a reducing agent, dithionite, to 
the ground clot caused the band to become more intense. The 
addition of an oxidizing agent, ferricyanide, caused the band to 
disappear completely and no new band was visible. The original 
band could be made to return, however, if the preparation was 
again reduced. The presence or absence of oxygen did not appear 
to affect the band. Attempts to concentrate this pigment were 
unsuccessful. It would appear likely that it is contained in the 
formed elements that are known to be enclosed within the clot. 
The clot possessed no succinic dehydrogenase activity. It tlnis 
appears that in the blood of this animal there occurs not only a 
copper blood pigment but also a pigment that possesses the 
properties of an iron-porphyrin compound. 

The other hemochromogen-like pigment was found in the glau- 
cous gray to green eggs of the female. Since the intact eggs were 
too opaque for observation, thej^ were ground with water and 
centrifuged. The centrifuged material was composed of three 
fractions, a heavy white fat layer on top, an intermediate bright 
pink and turbid aqueous fraction, and a dark greenish precipitate. 
The aqueous fraction Avhen examined with the spectroscope showed 
an absorption band lying in the region X 620 to 630 m/z. Removal 
of oxygen by evacuation caused no change in this band. If, 
however, dithionite was added, this band disappeared and a new, 
more intense band appeared located at X 565 to 575 nifi. This 
reduced compound is stable for hours in the absence of oxygen 
but as soon as oxygen is admitted its band immediately disappears 
and no bands at all are visible. The compound seems to be 
destroyed, since the further addition of dithionite Avill not re.storo 
the band. If, how’ever, pyridine is now added, a strong absoip- 
tion band centered at X 555 m/x appears, indicating that a hemin 
group is still present. The instability of this pigment frustrated 
attempts to effect further purification. The bright pink color 
of the aqueous fraction is not caused bj'' this hemochromogen 
compound. Another pigment which appears to be a conjugated 
protein is also present. This pigment shows no marked absorp- 
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tioa bands and is unaffected by dithionite. It is precipitated 
from solution by the usual methods for protein precipitation. 
The prosthetic group, ho^Ycver, resisted all attempts to separate 
it from its protein carrier. 

The greenish n-ater-insoluble residue from the eggs shows no 
sharp absorption bands. It, however, possesses properties that 
suggest its further investigation may be of interest. Treatment 
with acid causes an intensification of the green color, while addi- 
tion of alkali changes its color to 5'ellow and causes the opaque 
residue to become quite transparent and sticky. If the original 
residue is extracted with 95 per cent alcohol, a clear orange-colored 
solution is obtained. Evaporation of the alcohol leaves a residue 
soluble in water from which an orange pigment may be e.vtracted 
with chloroform. The water residue from the chloroform extrac- 
tion is light yellow and fluoresces strongly in a manner character- 
istic of the flavins. The presence of flavin in this solution is con- 
firmed by the fact that the pigment can be made to \deld a 
Iumifla\dn derivative, soluble in chloroform. 

Busycon canaliculalum {Whelk ) — ^This hemocj'anin-bearing ani- 
mal is perhaps the most remarkable with regard to the presence 
of iron-porphjTin compoimds of all those investigated. The 
radula muscles of this organism are so loaded with a red pigment 
that this tissue is as highly colored as mammalian skeletal muscle. 
The marked red color of these muscles in contrast to the bulk of 
nearlj' colorless foot muscles has been noted before by Dakin (2), 
and Mendel and Bradley (9) have established that the pigment 
responsible is an iron-porph5Tin compound by the isolation of 
hemin ciystals. The following properties of this pigment indicate 
that it is to be classed as myoglobin. The pigment may be 
readily extracted from the muscles by water. In the presence of 
oxygen it shows a strong absorption band at X 570 to 580 m/i 
and a weaker band at X 540 to 545 mpi. Removal of oxygen either 
by evacuation or addition of dithionite causes these bands to 
disappear and a new weak band appears at X 560 mja. Partial 
purification of the pigment was effected by half saturation of the 
vater extract of the muscles with ammonium sulfate. The 
precipitate which formed was centrifuged off and discarded. 
Saturation of the supernatant with ammonium sulfate precipi- 
tated the m3'globin. This precipitate was centrifuged off. His - 
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solved in water, and dialyzed in the cold until salt-free. The pre- 
cipitate which formed was removed, leaving a clear solution of the 
myoglobin. Attempts to crystallize the pigment by the method 
emplo3^ed for mammalian myoglobin by Theorell ( 14 ) were un- 
successful. Further purification attempts were made difficult 
by the ease with which the pigment became denatured. 

Examination of the radula muscle residue left after the ex- 
traction of the myoglobin shelved the three cytochromes to be 
present in low concentration. A test for succinic dehydrogenase 
was also positive. 

The heart of this animal was also found to contain myoglobin. 
Its, concentration in this organ was, however, much lower than in 
the radula muscles. On the other hand the concentrations of the 
cytochromes in the heart muscle were much higher. Cytochrome 
oxidase and succinic dehydrogenase were both found to be present 
in this tissue. Other tissues were also examined but no appre- 
ciable concentration of iron-porphyrin compounds was noted. 

Homanis americanus (Lobster ) — The lieart, claw, and skeletal 
muscle of this animal were examined and found to contain cyto- 
chrome, cytochrome oxidase, and succinic dehydrogenase. The 
concentration of these constituents in the claw and skeletal 
muscles was, however, extremely low. Their concentration in the 
heart muscle was equal to that encountered in the other organisms 
examined in this study. Myoglobin was not detected in any of 
these tissues, 

Loligo pealii (Squid ) — The tissues of this animal, which is the 
most active of the group examined, appear to be relatively rich 
in the cytochromes. We have observed the characteristic ab- 
sorption spectra of the three cytochromes in the following tissues, 
heart muscle, head and neck retractors, mantle, muscles surround- 
ing the mouth, sperm, and the nervous tissue behind the eye some- 
times designated as the olfactor}'' organs. The main heart muscle 
shows the most intense cytochrome bands and it is ideal material 
for the demonstration of the cytochrome spectra, as the cyto- 
chrome b and c bands are sharplj'- differentiated. Myoglobin 
was not detected in any of the tissues examined. The heart 
muscle was rich in cytochrome oxidase and succinic dehydrogenase. 
The preparation of this tissue, however, for tests for these enzymes 
must be made at low temperatures. The only other tissue as- 
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saj-ed for these enzjTnes was the head and neck retractor muscles, 
in which low concentrations were encountered. 

Venus mcrcenaria (Quahog)— The occurrence of hemocyanin, 
though reported, in this organism is open to doubt. The body 
fluid possesses a faint bluish color suggestive of hemocyanin but 
we have not been able to comdnce ourselves that this pigment is 
actually present. Nevertheless we have found the heart and 
adductor muscles to contain iron-porphjTin compounds. The 
heart is the only tissue in which we have detected the cytochrome 
spectra. It also contains an appreciable amount of succinic 
deh 3 'drogenase. The heart muscle also contains mjmglobin which 
appears to be similar in properties to that found in Busycon canali- 
ciilalum. The adductor muscles contain a hemochromogen which 
resembles myoglobin. In the presence of oxj'gen a strong absorp- 
tion band at X 575 to 585 my and a weaker one at X 535 to 545 m;i 
can be seen. On removal of oxj'gen or addition of a reducing 
agent these bands fade out and a clear sharp band at X 560 m/i 
appears. There remains a suggestion of a band in the region of 
X 585 my. The band of the reduced form at X 560 m>x, however, 
appears to be much stronger than that given bj" Busycon myoglo- 
bin. The presence of succinic dehydrogenase in the adductor 
muscle is doubtful. 

Molgula manhatlensis {Sea Squirt) — The ascidians are reported 
(cf. Webb (17)) to possess a blood pigment in which the metal is 
vanadium rather than copper or iron. We have therefore included 
an ascidian, Molgula manhatlensis, in our obser\mtions. This spe- 
cies is so small that a collection of its blood for a chemical test for 
vanadium is difficult. The ash of the whole animal minus the 
tunic has, however, given a weak test for this element. Animals 
from which the tunics were stripped and the intestines removed 
were examined spectroscopicallj'. A weak band at X 600 my and 
a broad faint band at X 550 to 560 my were obsennd. Grinding 
of the tissue in the presence of air caused these bands to disappear. 
They could be made to reappear bj-- the addition of a reducing 
agent. These bands therefore would appear to be due to the 
three cytochromes in which the b and c bands overlap. The 
whole animal was also employed for preparation of succinic dehy- 
drogenase and gave a weak test for this enzyme. 

Arbacia punctulata {Sea Urchin) — Though this organism does 
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not contain hemocyanin, we have examined the eggs and sperm 
of Arbacia because a knowledge of their respiratory catalysts is of 
interest in view of the original finding of Warburg (15) that the 
fertilization of these eggs causes a marked increase in their oxygen 
consumption. We have found the sperm to be rich in cytochrome 
oxidase, the three cytochromes, and succinic dehydrogenase. 
Cytochrome a appears to be present in greater concentration than 
cytochromes b and c. The spectroscopic observation of the eggs 
-is made difficult by the presence of echinochrome. However, 
if the eggs are ground with water, most of the color due to this 
pigment can then be eliminated by reduction with dithionite. In 
such a suspension no cytochrome bands can be detected. If the 
echinochrome is not sufficiently reduced, a band at X 550 m/r due 
to this pigment may be confused with cytochrome c. Tests for 
cytochrome oxidase and succinic dehydrogenase in extracts of the 
eggs were negative. Though the eggs do not appear to contain 
detectable amounts of the cytochromes, they do contain an appre- 
ciable amount of a hemin, as can be shown by the addition of 
pyridine to a reduced egg suspension. A typical hemochromogen 
spectrum is then observed in the region X 550 to 560 mix. In one 
experiment performed with the cooperation of Dr. Krahl, fertilized 
eggs were also examined for cytochrome with negative results. 
The amount of cytochrome introduced by the sperm is evidently 
insufficient to raise the concentration in the egg to a level that is 
detectable by the methods employed by us. 

DISCUSSION 

We have summarized our findings in Table I. The first four 
animals listed here definitely possess hemocyanin as a blood pig- 
ment. They also contain such iron-porphyrin compounds as 
myoglobin and cytochrome. It would therefore appear that tlie 
process of oxygen utilization in these organisms is similar to that 
in mammals except for the substitution of hemocyanin for hemo- 
globin. The reason for the utilization of copper instead of iron 
by these organisms to form their blood pigment can thus not bo 
ascribed to the inability of these animals to utilize iron or to 
synthesize the porphyrin prosthetic group characteristic of the 
iron blood pigments. Why an animal like Busycon should employ 
hemocyanin for a blood pigment and jmt possess muscles rich m 
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the pigment myoglobin, which is so akin to hemoglobin, is indeed 
puzzling. To be sure, when hemoglobin does appear as the blood 
pigment, it is contained in a special blood cell. Hemocjmnin with 
its greater molecular size does not appear to need such protection 
in the blood stream. This may be the decisive factor here in the 
choice between the two blood pigments. It should be recalled, 
however, that iron-porph\Tin blood pigments (ers'throcruorins) 


Table I 

Relative Concentrations of Certain Iron-Porphyrin Compounds and Succinic 
Dehydrogenase in Various Marine Forms 
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High concentrations of components are indicated by ++++, while 
failure to detect them by the methods employed is indicated by — . The 
sign ± indicates that the enzj-matic testa employed for detection of this 
component were so weak that its presence remains doubtful. 

whose molecular weights are similar to the hemocjmnins are found 
in the cell-free blood of certain worms. 

It will be observed from the data given in Table I that there is 
a rough parallelism between the occurrence of succinic dehydro- 
genase and the cytochrome system. This relationship can also 
be noted in mammalian tissues and is suggestive that the role of 
this enzyme in the respiratorj' cycle is an important one, as sug- 
gested by Szent-Gjmrgyi (13). 
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The marked difference in the cytochrome content of Arhack 
sperm and eggs might lead one to postulate that the marked in- 
crease in oxygen consumption of eggs on fertilization is due to the 
introduction into them of the cytochrome system by the sperm. 
It must be remembered, liowever, that Warburg (16) and Loeb 
and Wasteneys (8) have shown that a similar increase in 0, 
consumption occurs in eggs artificially fertilized. Runnstrom (11) 
and Korr (6) believe that the increase of oxygen consumption on 
fertilization is due to an activation of a dormant cytochrome sys- 
tem already present in the egg, because cyanide is able to inhibit 
the respiration of the fertilized egg but not that of the unfertilized 
egg. Our inability to detect the cytochrome spectra in either 
fertilized or unfertilized eggs cannot be taken as evidence against 
this premise, since the concentration of these pigments may have 
been too low for detection but yet sufficient to play the rdle 
assigned to them. However, our ability to detect the presence 
of hemin in these eggs raises the question whether an iron- 
porphyrin system other than the cytochrome system and which is 
also cyanide-sensitive may not be the active catalyst in the 
respiratory cycle of the fertilized eggs. 

SUmiARY 

Iron-porphyrin compounds were found in the tissues of four 
marine animals, Limulus polyphemus, Busycon canaliculalum, 
Homarus amencanus, and Loligo pealii, whose blood pigment is 
hemocyanin. Cytochrome oxidase and the three cytochromes are 
present in the heart and some body muscles of all these organisms. 
Myoglobin is present in high concentration in the radula muscles 
of Busycon. AH tissues possessing the cytochrome system were 
also found to be rich in succinic dehydrogenase. It is therefore 
concluded that the process of oxj'^gen utilization in these organisms 
is similar to that in mammals except for the substitution of hemo- 
cyanin for hemoglobin. This substitution can therefore not be 
ascribed to the inability of these animals to utilize iron or to 
synthesize the porphyrin group characteristic of the iron respira- 
tory pigments. 

Two additional hemochromogens have been observed in Limultis 
polyphemus. One is present in the abundant clot obtained from 
the blood of the animal. Its reduced form possesses an absorption 
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band centered at X 555 to 560 m/i. The oxidized form shows no 
characteristic band. The other hemochromogen is present in the 
eggs of this animal. Its reduced form shows an absorption band 
centered at X 570 while the oxidized form has a band centered 
at X 625 m;j. 

The eggs and sperm of Arhacia punctulala were also examined. 
The sperm was found to contain abundant cj^tochrome oxidase, 
cytochromes a, b, and c, and succinic dehydrogenase. Tests for 
these same compounds in the egp were negative. Upon addition 
of pyridine and a reducing agent to a ground egg suspension a 
strong hemochromogen band centered at X 555 m^t appeared, indi- 
cating that a hemin is, however, also a constituent of the eggs. 
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THE ENDOCRINE CONTROL OF LIPID METABOLISM 
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A distinctive feature of the lipid metabolism of the bird is its 
response to estrogenic activity (1, 2). The experimental stimu- 
lation of the ovaries with pregnant mare serum may more than 
double the lipid content of the blood of the immature bird. A 
rise in the lipid level also follows the injection of the ovarian hor- 
mone, estrogen. The effects of the latter are not confined to 
the female; a response was also obsetA'ed in the male bird. Al- 
though it required several weeks for pregnant mare serum to 
produce a rise, increases in the lipid content of the blood were 
obsen-ed as early as 12 hours after the introduction of estrin. 

The present study deals with the effects of the following crj'stal- 
line preparations on the blood bpids of the bird; estrone, estradiol, 
estradiol benzoate, ethinyl estradiol, stilbestrol, progesterone, testos- 
terone, and desoxycorticosterone acetate. 

EXPERIMENTAL 

Single comb white Leghorn chickens of the Poultn^ Division 
stock were used. All birds were immature at the time they re- 
ceived injections. All preparations were administered bj' the 

* This investigation was supported by grants from the Committee on 
Research in Endocrinology of the National Research Council, and from 
the Research Board of the University of California. Assistance was also 
furnished by the Works Progress Administration (Official Project No. 
65-1-08-62, Unit A6). 
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intramuscular route. Unless othersvise stated, the total dose of 
material for each bird was divided into three equal parts and 
injected at three intervals: (1) between 9.00 and 10.00 a.m., 
(2) between 4.00 and 5.00 p.m. of the same day, and (3) again 
about 9.00 a.m. of the following morning. The crystalline com- 
pounds were dissolved in sesame oil. Estradiol solutions in two 
concentrations were used, 0.416 and 2.5 mg. per cc. All other 
estrogen solutions contained 2.5 mg. per cc. The solutions of 
progesterone and desoxycorticosterone acetate contained 10 mg. 
per cc.; the testosterone solution contained 8 mg. per cc. All 
control birds received 3 cc. of sesame oil, which was divided into 
three parts and injected at intervals similar to those employed 
for birds receiving the crystalline preparations. 

Blood was removed by heart puncture 48 hours after the first 
injection was made, and immediately thereafter the bird was 
sacrificed for examination of the genital tract. The methods 
employed for lipid analyses have been described elsewhere (3). 

Results 

Fifteen immature birds were used as controls for the various 
experiments described below. The values obtained for free and 
esterified cholesterol, phospholipids, total fatty acids, and total 
lipids are summarized in Table I. 

Estrone ^ — Each of the birds recorded in Table II received in- 
tramuscularly 5 mg. of estrone per kilo of body weight. A rise 
in the level of the blood lipids followed the administration of 
this amount of estrone, but the response varied considerably. In 
three of the birds, values for total lipids above 1000 mg. per 100 
cc. of whole blood were found 48 hours after the first injection. 
Values close to or above 800 mg. were observed in four birds. In 
a single bird (No. 83) the blood contained only 527 mg. of total 
lipids, but even this amount was more than 100 mg. above the 
average value observed in the control birds (Table I). 

Although increases Avere noted in phospholipids, neutral fat, 
and cholesterol, equal rises were not obtained in these three lipid 
constituents. Notable rises were found in the first two constit- 

1 The estrone employed in this investigation was generously furnished 
by Dr. J. F. Biehn of the Department of Clinical Research, the Abbott 
Laboratories. 
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Table I 

Summary of Blood Lipids of Control Birds* 
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187 

Minimum 



0.18 


90 

62 

7 

227 

197 

314 

48 

Mean 


793 

0.231 

1 

1061 78 

27 

279 

253 

385 

112 


* All birds received a total of 3 cc. of sesame oil administered in three 
equal parts. 


Table II 

Effect of Estrone on Blood Lipids 




Injections* j 

Weight of reprO- 1 
ductive tract j 

j Cholesterol 

C 



*5 

c 

Bird 

No. 

and sex 

1 

I Weight 

1 

I 

! j 

, s 

! 1 
w 

i ® 

1 

E 

c 

1 c 

V 

i 2 

e 

c 

S i 

5 ' 

2 

O 

*5 

o 

1 

"is 

C 1 

ez 

"c 

[E 

■c 

“E 

K 

o 

E 

[E 

*5 

§ 

*«? 

c 


1 

gm. 

mg. 

CC. 

gm. j 

gm. 

1 gm. 

mg. 

per 

ICO 

mg. 

per 

100 

mg. 

per 

100 

mg. 

1 

100 

mg. 

per 

100 

mg. 

per 

100 

mg. 

per 

1 100 

72 cf 

980 

4.90 

[1.95 

0.26| 

0.20 

1 

cc. 

206 

ec. i 

117 

ec. 

89 

cc. 

1030 

ec. 

480 

ec. 

1236 

1 «• 

* 643 

73 cf 

760 

3.80 

1 . 53 ! 

0.1l| 

0.08* 


196 

106 

90 

910 

530 

;il06 

1 498 

62 o' 

1020 

5.10^ 

,2.04! 

0.17i 

0.13 


207 

, 138 

! 69 

1133 

543 

;1340 

i 731 

71 & 

830 

4.10* 

1.68 

0.78 

0.86 


150 

101 

49 

614 

440 

764 

1 283 

84 9 

970 

4.80 

1.95 

0.19 


0.96 

134 

118 

16 

700 

413; 

834 

412 

83 9 

930 

4.60 

1.85 

0.25 


0.62' 

112 

64' 

48 

415 

297 

527 

181 

79 9 

920 

4.60 

1.85 

0.22 


0.671 

133 

91 

42 

713* 

412 

848 

408 

75 9 

840 

4.20 

1.68 

0.17 


0.61 

137 

107 

30 

675 

400 

[812 

385 


* The amounts recorded were divided into three equal parts and ad- 
ministered at the intervals stated in the text, 
t Corresponds to 5 mg. per kilo of body weight. 
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Table III 

Effect of Estradiol on Blood Lipids of Domestic Fowl 




Injec- 

tions* 

Weight of reproduc- 
tive tract 

Cholesterol 




eo 

r2 

eb 

>) 

Bird No. and 
sex 

Weight 

"o 

1 


Left 

gonad 

TS 

m 

§ 

tc 

•a 

o 

p 

’V 

5 

S 

i4 

o 

cb 

*3 

’S. 

‘ja 

o 

0. 

to 

'd 

3 

5 

"d 

a 

"d 

1 

K 


CQ 

o 

d* 

9 


> 

O 


to 

w 

b 

M 

fk 

o 

H 


ffm. 




gm. 

gm. 

gm. 

i 

mg, 

per 

100 

cc. 


mg. 

per 

m 

cc. 

mg, 

per 

100 

cc. 


mg, 

per 

100 

cc. 

96 cf 

770 

3.84 

1.56 

0.15 




197 

97 


756 



393 

97 d' 

860 

4.30 

1.74 

1.10 


1.10 



73 

79 

571 


mm 

295 

98 d 

880 

4.40 

1.77 

1.06 




193 

98 

95 

618 


811 

314 

11 d 

630 

3.14 

1.26 

0.21 




217 

125 

92 

551 

284 

Kia 

294 

99 9 

560 

2.80 

1.14 


0.19 




niia 

89 

576 

340 

765 

283 

10 9 

800 4.00 

1.62 


0.25 



170 

88 

82 

342 


512 


17 9 

540 2.70 

1.08 


0.18 



176 

95 

81 

572 


748 

211 

18 9 

560 2.80 

1.14 


0.17 


0.37 

163 

86 

81 

490 

324 

653 

217 


1.66 mg. estradiol per kilo 


Maximum 

Minimum 

Mean 

980 

770 

912 

1 

1 

1.30 

0.15 

0.62 

0.24 

0.16 

0.21 

1.21 

0.13 

0.53 


1 



341 

240 

285 

482 

232 

290 

479 

339 

398 


0.83 mg. estradiol per kilo 

Maximum 

1050 


■ 

1.00 

IQ 

0.92 


115 

64 

55 

482 


597 

214 

Minimum 

600 


■ 

0.52 


0.41 

0.36 

90 

46 

Ell 

308 

E 'y 

395 

87 

Mean 

775 


■ 



0.61 


104 

59 

46 

375 

III 

498 

141 


* The amounts recorded were divided into two or three parts and in- 
jected at the intervals stated in the text, 
t Corresponds to 5 mg. per kilo. 


uents listed above, whereas lesser responses were shown by free 
and ester cholesterol. 

Estradiol ^ — Estradiol was administered in three amounts: 
0.83 mg., 1.66 mg., and 6 mg. per kilo of body tveight (Table III). 
The smallest and largest doses were divided in three parts and 

* We are greatly indebted to Dr. Erwin Schwenk, Director of the Chem- 
ical Research Division of the Sobering Corporation, for generous supplies 
of estradiol, estradiol benzoate, testosterone, progesterone, and desoxy- 
corticosterone acetate. 
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injected intramuscularl}', as above. The 1 .66 mg. dose was given 
in two parts. Blood was removed in all cases 48 hours after the 
first injection. 

No rise in blood lipids was obtained in the eight birds that 
received 0.83 mg. per kilo (Table III) nor in the eight that were 
injected with 1.66 mg. per kilo. A definite response, however, 
followed the administration of 5 mg. per kilo of body weight. 
The highest value was obtained in Bird 96, in which total lipids 
rose to 953 mg. per 100 cc. of whole blood. The response was 
quite similar to the response to estrone, in that the most signifi- 
cant lipid changes occurred in phospholipids and in neutral fat. 

Eslradiol Benzoate ^ — Esterified estradiol had a more pronounced 
action than the free diol (Table Estradiol and estradiol 

benzoate were administered in molecular equivalents, 5 and 6.9 
mg. per kilo respectiveh". The maximum value for total lipid 
obseiwed following the injection of 5 mg. of estradiol was 953 mg., 
whereas the maximum and minimum responses with molecular 
equivalents of the benzoate were 2261 and 1418 mg. per 100 cc. 
of whole blood. All lipid constituents rose with the benzoate, 
as \s-ith the free diol. 

Ethinyl EslradioV — Each bird received 5 mg. per kilo; its effects 
on the lipid picture of the blood are recorded in Table IV. The 
rises produced by this compound are quite striking. In five of 
the eight injected birds, values for total lipid were above 1000 
mg. per 100 cc. of whole blood. The lowest value found for total 
lipid was 695 mg., as compared with the highest control value of 
487 mg. Significant rises occurred in all constituents examined; 
namelj’", cholesterol, phospholipids, total fatty acids, and neutral 
fat. 

Stilbestrol * — ^This substance was administered in doses of 5 mg. 
per kilo; its effects are recorded in Table IV. The most marked 
response of the estrogens studied was obtained with stilbestrol. 
In four of the birds, values for total lipids were above 2000 mg. 
48 hours after the first injection. A rise was obtained in all lipid 

’ Ethinyl estradiol was kindly supplied by Dr. R. C. Mautner of the 
Ciba Pharmaceutical Products, Inc. 

^Stilbestrol (4,4'-dihydroxy-a:,/3-diethylstilbine) was kindly furnished 
by Dr. C. W. Sondern of the Research Laboratories of George A. Breon 
and Company, Inc. 
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Table IV 


Effect of Estradiol Benzoate, Ethinyl Estradiol, and Stilbestrol on Blood 
Lipids of Domestic Fowl 




Injections* I 

Weight of repro- 
ductive tract 

1 Cholesterol j 

■3 

1 

1 

1 


tf) 

*3 

*o 

cs 





1 . . . 










Bird 




I 






a 




No.' »nd 

Weight 




a 

c 



1 


>» 

3 

XJ 

*2 

sax 


d 


1 c 
fi. 

o 

o 




£ 

o 

eC 

.5* 

■3 



Q 

U 

»2 


Si 



1 

S 

ti 

0) 


1 Oi 

g 

'3 

i S 




o 

Hi 

S 

o 



w 

H 



« 


Estradiol benzoate (equivalent to 6.9 mg. per kilo) 









mg. 

mg. 

mg. 

mg. 

mg. 

mg. 

771^. 


gm. 

mg. 

CC, 

gm. 

gm. 

gm. 

per 

m 

per 

100 

per 

200 

per 

too 

per 

200 

per 

200 

per 

200 








CC. 

CC. 

ec. 

ec. 

ec. 

CC. 

ce. 

57 cT 

360 

2.48 

0.72 

0.09 

0.08 


187 

140 

47 

1670 

705 

1857 

1191 

47 cT 

460 

3.17 

0.93 

0.11 

0.10 


179 

133 

46 

1600 

792 

1779 

1066 

58 d' 

390 

2.70 

0.78 

0.10 

0.11 


168 

115 

53 

1250 

647 

1418 

804 

40 cf 

360 

2.48 

0.72 

0.10 

0.12 


226 

100 

126 

1850 

647 

2076 

1352 

50 9 

360 

2.48 

0.72 

0.15 


0.53 

202 

133 

69 

1813 

785 

2015 

1268 

59 9 


2.76 

0.81 

0.18 


0.85 

228 

151 

77 

2033 

745 

2261 

1507 

49 9 

340 

2.35 

0.69 

0.18 


0.50 

200 

114 

86 

1830 

757 

2030 

1290 

67 9 

330 

2.28 

0.66 

0.15 


0.55 

190 

139 

51 

1670 

702 

1860 

1190 


Ethinyl estradiol (equivalent to 6 mg. per kilo) 


91 d 





M 


199 

111 

88 

571 



123 

92 d 

950 

4.75 

1.92 

0.27 



211 


fnS 

767 

428 

978 

403 

93 d 


3.46 

1.38 




198 


91 

Ktn 

445 


456 

94 d 



■ ( 

0.13 



166 

80 

86 

B'n 

307 

695 

260 

82 9 


2.46 

Ik I 



lactl 

192 

129 

K] 

B'y 


1125 

285 

13 9 



ffi 

0.16 


0.66 

230 

KoSl 

121 

* n 

• II 

451 

1110 

490 

95 9 




0.22 



227 

155 

72 

R 1 n 


1527 

781 

29 9 

430 

2.15 

0.87 

0.11 



254 


132 




625 


Stilbestrol (equivalent to 5 mg. per kilo) 


52 d 

830 

4.15 

1.65 

0.46 

0.46 


208 

134 

74 

1590 

810 

1798 

984 

61 d 

700 

3.50 

1.41 

0.19 

0.16 


176 

108 

68 

1080 

845 

1256 

455 

60 d 

870 

4.35 

1.74 

0.21 

0.19 


197 

131 

66 

2360 

762 

2557 

1795 

69 d 

840 

4.20 

1.68 

0.19 

0.19 


216 

131 

85 

1455 

465 

1671 

1077 

89 9 

570 

2.86 

1.14 

0.21 


tWiTl 

206 

144 

62 

1952 

795 

2158 

1365 

56 9 

720 

3.60 

1.44 

0.27 


1.15 

199 

148 

51 

1727 

806 

1924 

1140 

64 9 

620 

3.10 

1.23 

0.23 


UWl| 

212 

154 

58 

1820 

1140 

2032 

1014 

42 9 

630 

3.15 

1.26 

0.25 


1.25 

220 

145 

75 

2210 

680 

2430 

1692 


* The amounts recorded were divided into three equal parts and ad- 
ministered at the intervals stated in the te.\t. 


























Entenman, Lorenz, and Chaikoff 


501 


constituents ; here again the most significant changes occurred in 
phospholipid and neutral fat. The effects produced in phospho- 
lipid are indeed striking. Thus the highest phospholipid value 
shown in the fifteen control birds of Table I was 330 mg., whereas 
48 hours after the first injection of stilbestrol Bird 64 contained 
1140 mg. of phospholipid per 100 cc. of whole blood. 


Table V 

Effect of Testosterone, Progesterone, and Dcsoxycorticosterone Acetate on 
Blood Lipids of Eight Birds 


1 

j jWeight of reproductive^ 

1 ) tract 1 

Cholesterol 

1 

! 



R&. 

ad- 

ual 


Weight 

Female 

Male 

i ! 

1 

1 

Total 

fatty 

Phos- 

pho* 

lipid 

1 

! 

Total 

lipid 


bird 

c 

O 1 

Oviduct 

sl-**- 

o 1 5 

5 jc 

TotaljFree 

Ester 

acids 

fatty 

acids 


Testosterone (40 mg. per kilo) 






i 

me. 

tnf. 

mg. 

mg. 

m^t 

mg. 

mg. 


ffm. 

fm. 

cm. 

> 

cm. jrm. 

per 

per 


per 

per 

per 

per 


too 

too 

IDO 

too 

IOC 

100 

100 






cc. 

ec. 

cc. 

cc. 

ec. 

ec. 

ec. 

Maximum.. . 





133 

76 

65 

390 

364 

495 

206 

Minimum. . . 

500 

0.17 

0.20 


90 

62 

27 

273 

227 

370 

43 

Mean 

541 




iSi 

68 

37 

336 

275 

440 

137 



Progesterone (40 mg 

per 

kilo) 




Maximum... 

600 

O.24I0.25 

0.20j0.14 

146| 76 

72 

463 

327 

576 

211 

Minimum. . . 

440 

0.18 

0.20 

0.10,0.08 

97 

58 

39 

224 

204 

329 

19 

Mean 

501 

0.20 

0.24 

0.120.11 

120 

67 

53 

364 

291 

484 

129 


Desoxycorticostcrone acetate (60 mg. per kilo) 


Maximum.. . 


78 


390 

649 

156 

Minimum 


23 


323 

409 

37 

Mean.. . 

(■■■MiufiiuAiuAiuiiilll 

58 

392 

347 

526 

113 


Testosterone and Progesterone — The efi’ects of the administra- 
tion of crj’^stalline preparations of these compounds are sum- 
marized in Table V. Despite the fact that amoimts as large as 
40 mg. per kilo were injected, there occurred no significant changes 
in the levels of any of the blood lipid constituents. 

Desoxycorlicosleronc Acetate — Preliminarj' experiments, which 
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are not recorded here, failed to show any rise in the lipid level of 
cholesterol, total fatty acids, or phospholipids of the blood fol- 
lowing the injection of moderate doses of desoxycorticosterone. 
The results recorded in Table V show the effects of a very large 
dose; namely, 60 mg. per kilo. Even this amount failed to pro- 
duce a change in the content of any of the lipid constituents in 
the blood. 


DISCUSSION 

The observation, reported from these laboratories (2), that es- 
trogens have a pronounced effect on the lipid metabolism of the 
bird has been amply confirmed by various investigators (4-6). 
Zondek and Marx (4) obtained increases in the lipid content of 
the blood after the injection of estrone, estradiol benzoate, and 
stilbestrol. Their finding that estrone is less effective than stil- 
bestrol or estradiol benzoate is borne out by the results of the 
present investigation. Landauer et al. (5) produced a rise in 
the lipid level of the blood of chicks with estradiol benzoate, 
whereas Riddle and Senum (6) have recently reported similar 
effects with estrone and dihydroestrone (estradiol) in normal and 
hypophysectomized pigeons. These workers also claimed a slight 
effect with desoxycorticosterone acetate, but in the present study 
no rise in the blood lipids was found even after the injection of 
60 mg. per kilo of body weight. 

The close relation between oviduct growth and blood lipid level 
in injected immature birds has been previously cited as evidence 
for the estrogenic nature of the blood lipid response (1, 2). In 
the present instance, in which all birds were autopsied 48 hours 
after the first injection, this relation was indeed striking. Even 
during this short interval oviduct growth had been stimulated 
appreciably, and oviducts as much as 8 times the average weight 
of those of the control birds were obtained. The closeness of the 
relation between the extent of this oviduct growth and the in- 
crease in blood lipid levels is clearly illustrated by the coefficient 
of correlation between oviduct size (expressed as percentage of 
body weight) and the total fatty acid content of the blood. This 
coefficient for the forty-seven females used had the highly signif- 
icant value of 0.91 ± 0.03. 

The variation in response obtained with the estrogens used in 
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this investigation is worthy of note. No attempt was made to 
determine the minimum effective dose of the hormones; neverthe- 
less the results obtained show that the e.xtent of their effects is 
not the same in the bird and in the rat. A positive blood lipid re- 
sponse was obtained bj' the injection of 5 mg. of estrone per kilo, 
an amount sho^m to contain 5000 (7) to 10,000 (8) rat units. The 
smallest dose of estradiol employed, namely 0.83 mg. per kilo, 
was also equivalent to 10,000^ rat units; yet no response in the bird 
was obtained with t^vice this amount. 60,000 rat units of es- 
tradiol were required to effect a rise in total lipid to an average 
value of 741 mg. A difference in response is also e\’ident between 
estradiol and estradiol benzoate. Estradiol benzoate was found 
more effective than estradiol in the bird. Thus the average value 
for total lipid obseiwed after the injection of 6.9 mg. per Idlo of 
estradiol benzoate was 1910 mg. per 100 cc. of whole blood; this 
value was approximately twice that obsen'ed after the injection 
of the molecular equivalent of estradiol. Since birds and mam- 
mals differ in their response to estrogens, it follows that an assay 
based on their effects in mammals can have no meaning for birds. 
Stilbestrol and ethinyl estradiol responded more like estrone 
than estradiol, and, although the correspondence may not have 
been exact, the accuracy of the rat unit method justifies no closer 
comparison at the present time. 

SUMMARY 

Crystalline preparations of steroid substances and of stilbestrol 
were investigated for their effectiveness in raising the lipid level 
of the blood of the chick. 

1. The estrogenic substances — estrone, estradiol, estradiol 
benzoate, ethinyl estradiol, and stilbestrol — increased the con- 
centration of total fatty acids, phospholipids^ and cholesterol in 
the blood. 

2. The most striking response was obtained with stilbestrol. 
Estradiol benzoate gave a more pronounced rise in the lipid con- 

‘ Personal communication from Dr. E. Schwenk. Different investiga- 
tors have estimated the potency of estradiol as being from 2 to 12 times the 
potencyof estrone (7,9). The same conclusion holds for the lowest estimate 
made; on the rat unit basis at least twice as much estradiol as estrone was 
necessary to produce a response in birds. 
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stituents of the blood than either its free alcohol or ethinyl 
estradiol. 

3. Testosterone, progesterone, and desoxycorticosterone ace- 
tate, even when administered in doses as high as 60 mg. per kilo, 
had no influence on the lipid level of the blood. 

4. When comparisons were made on the basis of rat units, 
estrone was more effective than estradiol in the bird. 
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THE FORMATION OF PHOSPHATIDES IN THE ORGANISM 
UNDER NORMAL AND PATHOLOGICAL CONDITIONS* 
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Investigations carried out during the last few years with radio- 
active phosphorus Pii as indicator have clearly shown that the 
amounts of phosphatides newly formed from inorganic phosphate 
during a given period vary considerably for different organs (1-4) : 
the highest percentage of labeled phosphatides is found in the 
liver and in the intestinal tract; the kidneys which are somewhat 
less active are next in order, followed by the eviscerated carcass 
and the brain. In a recent study from this laboratorj’’ (4) it was 
demonstrated that the intestinal tract and the liver contained 
considerably more newly formed lecithin than cephalin,* and the 
possibility of the formation in the body of cephalin from lecithin 
was discussed. 

The important question as to the seat and the mechanism of 
formation of the phosphatides in the organism made a study of the 
influence of partial hepatectomy on these processes desirable. 
The present paper combines a report on this problem with a 
continued investigation of the relative speed of sjmthesis of lecithin 
and cephalin in various organs of the normal organism. 

EXPERIMENTAL 

Material and Methods 

The radioactive phosphorus Pif used was prepared by deuteron 
bombardment in the cyclotron. In one experimental series (Eats 

* This work has been supported by a grant from the John and Mary R. 
Markle Foundation. 

* The same relation appears to hold true for tumor tissue (5). 

505 



506 


Phosphatide Formation 


HI and H2) radioactive phosphorus of much lower radioactivity 
was employed which had been prepared by the action of fast 
neutrons on carbon disulfide (4). The material was administered 
in the form of a neutral aqueous solution of Na 2 H*P 04 .- 

The radioactivity of the various phosphatide fractions isolated 
was measured in the dry state by means of a Geiger-Miiller counter 
as described previously (6, 4). It is expressed in KF units per 
mg. of P. 

The methods for the extraction and isolation of the phosphatides 
were, with the exceptions noted below, essentially the ones 
described in a preceding publication (4). 

Formation of Phosphatides in Rabbit 

In order to obtain the organ phosphatides in amounts sufficient 
for a more rigorous purification than is possible with the phospha- 
tides from one rat, the relative speed of formation of lecithin and 
cephalin in the various organs of the rabbit was studied. The 
animal (1550 gm.) received 144.1 mg. of Na2H*P04, dissolved in 
6 cc. of water, by subcutaneous injection; 6 hours later a second 
equal dose was injected. The total amount administered corre- 
sponded, therefore, to 63.0 mg. of *P with an activity (calculated 
on the same basis as the values given in Table I) of 89,500,000 KF 
units. The animal received no food during the experiment. 

24 hours after the first injection some blood was obtained from 
the animal by heart puncture. It then was killed and the liver, 
kidneys, intestinal tract, and brain were removed. In all experi- 
ments here described the intestinal tracts were washed with water 
before the extraction of the lipids. The organs and a portion of 
the skinned eviscerated carcass were mechanically ground, dehy- 
drated, and extracted by the method outlined previously (4). 

The lecithin fractions were in all cases, after removal of the 
alcohol-insoluble cephalin, converted into the double salts with 
CdCb which were washed with cold ether and recrystallized from 
ethyl acetate-alcohol. The lecithin fractions were recovered in 
the usual manner after decomposition of the CdCb double salts 
with a 20 per cent solution of dry ammonia in methyl alcohol. 

® The asterisk before the symbol for an element indicates an unstable 
isotope. 
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In this experiment the brain protagon fraction was also isolated 
in order to obtain information about the rate of sphingomyelin 
formation. For this purpose the brain powder after removal of 
lecithin and cephalin with alcohol-ether was extracted with hot 
chloroform. To this extract the small amount of material insolu- 
ble in cold petroleum ether which had been obtained bj’ chilling 
the solution of brain lecithin and cephalin in petroleum ether 
(c/. (4) p. 590) was added. The cerebroside-sphingomyelin mix- 
ture, prepared from the concentrated chloroform solution by 
precipitation with ether and reprecipitation with acetone, weighed 
21.1 mg. and contained 1.9 per cent P. 

From 26 cc. of blood (obtained by cardiac puncture) to which 
potassium oxalate had been added the blood cells were removed bj' 
centrifugation. The cells, dried with acetone and extracted with 
alcohol-ether in the usual manner, jnelded only 1.3 mg. of mixed 
blood cell phosphatides. 

The results of this experiment are summarized in Table I. The 
mixed phosphatides from the blood cells had an activity of 250 KF 
units per mg. of phosphatide. The extremely small amount 
obtained prevented the performance of a phosphorus analj'sis, 
but on the assumption of a P content of between 3 and 4 per cent 
an activity value of 6300 to 8300 KF units per mg. of *P would 
result. As a comparison with the values given in Table I will 
show, this places the blood cells among the least active systems 
of the organism with regard to lipid turnover. 

Formation of Phosphatides in Rat 

In a preceding study (4) the relative speed of sjmthesis of lecithin 
and cephalin in the various organs of the rat was investigated with 
animals which had received radioactive phosphate of verj^ low 
activity and had been kept on the ordinal^' laboratorj’- diet during 
the utilization of the labeled phosphate. For purposes of com- 
parison with the experiments on partially hepatectomized rats 
which will be reported later in this paper it was desirable to obtain 
data on the utilization of ingested radioactive phosphate by the 
fasting rat. 

An adult albino rat (300 gm.) received 24.0 mg. of NaiH*PO<, 
dissolved in 1 cc. of water, by stomach tube. 6 hours later a 
second equal dose was administered. The total amount fed cor- 
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responded to 10.5 mg. of *P with an activity (calculated on the 
same basis as the values given in Table II) of 24,280,000 KF units. 
The animal which had fasted during the experiment was killed 

Table I 


Relative Speed of Phosphatide Synthesis in Fasting Rabbit 


Organ 

Phosphatide 

Weight 

P 

Radio- 
_ activity* 
in 1 mg. ‘P 

Minimum 
amount of 
newly formed 
phosphatide, in 
per cent of total 
phosphatide 

Intestinal tract 

Lecithin 

ntff. 

128.1 

per cent 

3.3 

KF units 

171,800 

12.1 


Cephalin 

314.6 

2.9 

107,300 

7.5 

Liver 

Lecithin 

171.4 

3.7 

136,800 

9.6 


Cephalin 

338.6 

3.1 

95,300 

6.7 

Kidney 

Lecithin 

22.5 

3.5 

69,000 

4.9 


Cephalin 

8.7 

3.0 

62,240 

4.4 

Brain 

Lecithin 

109.2 

3.7 

1,414 

0.10 


Cephalin 

72.1 

4.0 

2,030 

0.14 


Sphingomyelin 

21.1 

1.9 

2,390 

0.17 

Carcass | 

Lecithin 

542.1 

3.4 

16,900 

1.2 

i 

Cephalin 



21,820 

1.5 


* The spread of the individual counts was within about 3 per cent of the 
mean values given. 


Table II 


Relative Speed of Phosphatide Synthesis in Fasting Rat 


Organ 

Phosphatide 

Weight 

P 

Radio- 
activity* 
in 1 mg. ’P 

Minimum 
amount of 
newly formed 
phosphatide, in 
per cent of total 
phosphatide 

Liver 

Lecithin 

106.8 

per cent 

3.5 

KF units 

174,600 

7.5 


Cephalin 

18.0 

3.5 

148,900 

6.4 

Intestinal tract 

Lecithin 

26.0 

3.2 

123,000 

5.3 


Cephalin 

9.2 

3.4 

90,500 

3.9 

Kidney 

Lecithin 

19.7 

3.5 

52,170 

2.3 

Brain 

ft 

29.3 

3.8 

2,013 



Cephalin 

14.8 

3.6 

6,165 


Carcass 

Lecithin 

557.5 

3.1 

18,020 

HIH 


Cephalin 

298.8 

2.9 

15,220 



* The spread of the individual counts was within about 3 per cent of the 
mean values given. 
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24 hours after the administration of the first dose. The organs 
were removed and examined in the usual manner. The results of 
the experiment are contained in Table II. The cephalin fractions 
from the kidneys are not included, since the amounts obtainable 
from one animal (between 1 and 2 mg.) were too small for accu- 
rate analysis. 

Formation of Phosphatides in Partially Hepatectomized Rats 

The operations were carried out on adult albino rats. The 
technique for the partial excision of the liver was in general similar 
to that described by Higgins and Anderson (7) and by Brues 


Table III 

Parlially Hepatectomized Rats 


1 

Rat No. 1 

1 

Body weight 
before operation 

Liver portion 
removed 

Liver remnant 

45 hrs. after 
\ operation 

1 

Estimated per- 
centage of Uver 
removed by 
j operation 

HI 1 

gm. 

cm. 

1 



320 

7.8 

7.1 

68 

H2 

345 

I 7-1 

6.6 

58 

H3 1 

302 

! 5,1 

6.8 

47 

H4 

325 

1 5.5 

7.4 

1 

47 


el al. (8). The data on the animals used are smnmarized in 
Table III. From Rats H3 and H4 the entire left lateral lobes and 
somewhat more than half of the median lobes were removed. A 
slightly larger portion of the liver was excised from Rats Hi and 
H2 according to the technique of Brues et al. (8). The estimated 
percentage of liver removed given in the last column of Table III 
is an approximation based on the report of Higgins and Anderson 
(7) that in their observations the livers averaged 3.58 per cent of 
the bodj' weights. 

The liver remnants of all animals used had the appearance of 
fatty livers. This is in agreement with the observations of 
Collip el al. (9). 

24 hours after the removal of part of the liver the animals 
received a solution of Na 2 H*P 04 by stomach tube. They were 
given no food during the experiment, but had free access to drink- 
ing water. The animals were killed 24 hours after the adminis- 
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Table IV 


Relative Speed of Phosphatide Synthesis in Partially Hepateetomized Rats 








Minimum 

Rat 

No. 

Organ 

Phosphatide 

Weight 

P 

Radio- 
_ activity* 
in 1 mg. *P 

amount of 
newly fonned 
phosphatide, in 
per cent of total 







phosphatide 




mg. 

per 

cent 

KF units 


HI 

Liver 

Lecithin 

118.9 

3.3 

356 

1.5 



Cephalin 

18.1 

2.8 

285 

1.2 


Intestinal tract 

Lecithin 

52.1 

2.9 

263 

1.1 



Cephalin 

7.2 

2.5 

t 

t 


Kidney 

Lecithin 

40.0 

3.5 

286 

1.2 


Brain 


44.1 

3.2 

t 

t 



Cephalin 

19.4 

2.9 

t 

t 


Carcass 

Lecithin 

816.0 

3.1 

56 

0.24 



Cephalin 

306.8 

2.9 

36 

0.16 

H 2 . 

Liver 

Lecithin 

97.0 

3.5 

189 

0.81 



Cephalin 

17.2 

2.6 

163 

0.70 


Intestinal tract 

Lecithin 

53.3 

3.0 

163 

0.70 



Cephalin 

4.2 

2.4 

t 

t 


Kidney 

Lecithin 

39.1 

3.5 

118 

0.51 


Brain 

ti 

45.4 

3.2 

t 

t 



Cephalin 

17.7 

2.7 

t 

t 


Carcass 

Lecithin 

982.0 


20 




Cephalin 

422.1 

3.3 

25 


H 3 

Liver 

Lecithin 

80.7 

3.6 

6,482 

1.3 



Cephalin 

7.4 

3.4 

7,437 

1.4 


Intestinal tract 

Lecithin 

41.4 

3.2 

6,890 

1.3 



Cephalin 

3.6 

3.0 

6,621 

1.3 


Kidney 

Lecithin 

21.6 

3.6 

4,726 



Brain 

(i 

38.5 

3.4 

204 

BbH 



Cephalin 

6.8 

3.9 

525 

mSSM 


Carcass 

Lecithin 

49.4 

3.2 

1,345 




Cephalin 

187.0 

2.9 

697 

■m 

H 4 

Liver 

Lecithin 

55.0 

3.4 

11,580 

2.3 



Cephalin 

7.5 

2.8 

9,035 

1.8 


Intestinal tract 

Lecithin 

38.6 


8,928 

1.7 


1 

Cephalin 

4.2 

2.8 

6,592 

1.3 


Kidney 

Lecithin 

22.2 

3.7 

7,898 

1.5 


Brain 


48.5 

3.3 

275 

0.05 



Cephalin 

7.5 

3.9 

882 

0.17 


Carcass 

Lecithin 

136.0 

2.8 

1,968 

0.38 



Cephalin 

206.4 

3.0 

947 

0.18 


* The spread of the individual counts was within about 3 per cent of the 
mean values given. 

t No measurable activity. 
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tration of the labeled sodium phosphate and examined in the 
usual manner. 

Rats Hi and H2 each received 23.6 mg. of IsasH^PO^, dissolved 
in 1 cc. of water by stomach tube; i.e., in each case a total of 
5.15 mg. of *P of comparativelj'^ low radioactivity, viz. 119,500 
I^F units. Rats H3 and H4 each received 96.0 mg. of Na 2 H*P 04 , 
dissolved in 2 cc. of water; i.e., in each case a total of 21.0 mg. of 
*P with an activity of 10,800,000 KF units. These activity data 
are computed on the same basis as the results of both experimental 
series which are summarized in Table IV. 

DISCUSSION' 

The results reported in the first part of this publication concern- 
ing the relative speed of formation of lecithin and cephalin in the 
various organs of the body fulh’’ confirm the findings contained 
in a previous paper (4). In the intestinal tract and in the liver 
the amount of newly formed lecithin considerably exceeds that of 
new cephalin. The number of molecules of both phosphatide 
types synthesized in different organs during the experiment de- 
creases in the same order; viz., liver, intestinal tract, kidneys, 
eviscerated carcass, brain. The amounts of newly formed phos- 
phatides obtained from the liver and the intestinal tract are of the 
same order of magnitude, the liver usually containing somewhat 
more. Whether the reversal of this order in the rabbit experi- 
ment reproduced in Table I is of significance cannot be said. 

There appears to be one organ in which more new cephalin is 
found than lecithin, namely the brain. This organ shows an 
extremely low metabolic activity with regard to the phosphatides, 
if the rate at which radioactive phosphorus appears in its fractions 
is taken as a measure. With highly radioactive phosphate prepa- 
rations, however, as used in most of the experiments here discussed, 
it is possible to measure the radioactivity of the bram lipids with 
sufficient accuracy. An inspection of the results reproduced in 
Tables I, II, and IV shows that the brain cephalin in practically 
all cases had a somewhat higher radioactivity than had the brain 
lecithin fractions. These results, if significant, would point to 
a certain autonomy of the central nervous system with regard to 
lipid metabolism. The small amount of newly formed sphingo- 
myelin found in the preparation from rabbit brain (Table I) brings 
this phosphatide in line with the other brain phospholipids. 
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For a consideration of the effect of partial hepatectomy on the 
phosphatide metabolism it is perhaps advisable first to compute 
the percentage of radioactive P fed which was recovered in the 
form of phosphatides in the various cases. From the data on 
the radioactivity of the different fractions contained in Table IV 
it can be calculated that approximately 3.4, 1.7, 0.4, and 0.5 per 
cent of the radioactive phosphorus administered were recovered 
from Rats HI, H2, H3, and H4 respectively in the form of purified 
phosphatides. This has to be compared with recoveries of 4.7 
per cent (Table I) and 5.6 per cent (Table II) in the normal ani- 
mals examined. 

The first conclusion to be drawn from these experiments, there- 
fore, is that the ability of the organism to synthesize phosphatides 
is to a certain extent impaired by the removal of a portion of the 
liver. Whether this relative impairment extends to phosphorus 
metabolism in general is uncertain. It may be that during the 
period of liver regeneration which is known to proceed at an extra- 
ordinary rate ((7, 8); cf. also (10, 11)) a larger proportion of the 
available phosphorus compounds is mobilized for restorative tasks. 

The second conclusion made possible by these experiments is 
that the rate at which new phosphatide molecules are synthesized 
by the various organs is more affected by hepatectom 3 '- in those 
organs which normallj’’ have the most active lipid metabolism 
(liver and intestinal tract) than in the rest of the organism. 

The third conclusion is that the profound disturbance of phos- 
phatide metabolism produced by the partial removal of the liver 
is accompanied by a blurring of the normal differences between the 
rates at which lecithin and cephalin are synthesized in the liver 
and the intestinal tract. 

It should, in this connection, be remembered that choline has 
been found to be without effect on the fatty livers produced by 
partial hepatectomy (12). Since, whenever choline is to be uti- 
lized for the synthesis of phospholipids, esterification with phos- 
phoric acid will have to take place in one of the phases of the reac- 
tion, the failure of choline to influence the fatty livers due to 
partial hepatectomj’', together with the effect of this operation on 
the phosphatide metabolism discussed here, seems to point to a 
decreased ability of the injured liver to effect phosphorylation. 
It has been pointed out elsewhere (13) that the metabolism of 
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cholinephosphoric acid as well as that of free choline will have 
to be considered for a proper formulation of the mechanism of the 
disturbances of lipid metabolism. 

The experiments presented here are in harmony Avith the "views 
expressed in a preA'ious communication (4) concerning the possible 
mechanism of formation of the body phosphatides. If a common 
origin for the two main phosphatide tj'pes is to be assumed, the 
formation in the organism of cephalin from lecithin b}' demethj'la- 
tion appears plausible. The opposite reaction, viz. the physio- 
logical methylation of cephalin to form lecithin, is highly unlikely 
on the basis of the results described elsewhere (4), as well as of 
those presented in the first part of this paper. As corroborative 
evidence the inability of the body to convert ethanolamine into 
choline may be cited, as shown by the failure of ethanolamine to 
replace choline in the prevention of fatty livers (14). Of interest 
in this connection is the fact that ethanolamine has been found 
unable to support growth when homocystine instead of meth- 
ionine is fed (15). 

It is not possible here to go into the question of the function 
and of the seat of formation of the body phosphatides. Discus- 
sions of various phases of this topic will be found in papers cited 
(2, 16-18) and in several recent papers from this laboratorj*. It 
appears likely that phosphatides are synthesized in the body in a 
number of places simultaneously. The results of the experiments 
concerning the effect of partial hepatectomy on the formation of 
phosphatides discussed above would seem to point in this direction. 

The authors are highly indebted to Dr. J. R. Dunning of the 
Department of Physics of this University and to Dr. E. 0. 
Lawrence of the Radiation Laboratoiy^ of the University of CaK- 
fornia for the radioactive phosphorus used in these experiments. 
The assistance rendered by Mr. B. Kress and Mr. A. Bendicb is 
gratefully acknowledged. 


STOEUiRT 

The relative speed of formation of lecithin and cephalin in vari- 
ous organs of normal and partiallj'" hepatectomized animalg was 
examined by means of the radioactive phosphorus isotope. The 
removal of part of the liver produced a considerable disturbance 
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of phosphatide metabolism. Some of the biological implications 
of the findings are discussed. 
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Aminoethylphosphoric acid, NHjCHsCHjOPOCOH):, was first 
isolated from bovine malignant tumors by Outhouse (1). Since 
benign tumors and a number of normal tissues did not yield this 
compound, it was thought to be specific for malignant tumor tissue. 
Recently, however, Colonick and Cori (2) reported the isolation 
of the acid from the small intestine of rabbits and pigs. 

The possible relationship of this compound to the metabolism 
of phosphatides, particularly to that of cephalin, is ob\dous. It 
may be significant that it appears to be present in largest amounts 
in tissues in which the phosphatide metabolism is extremely 
vigorous. 

The biological function of aminoethylphosphoric acid could be 
that of an intermediate in the synthesis of phosphatides by the 
organism, or that of a breakdown product of the phosphatides. 
Very little is known about the mechanism by which phospholipids 
are formed in the body. A study of the utilization of amino- 
ethylphosphoric acid appeared, therefore, of interest. For this 
purpose a preparation was emplojmd which contained the radio- 
active phosphorus isotope PiL The present paper gives a report 
on the conversion of this compound into phosphatides in different 
organs. Some data on tiunor-bearing animals are included. 

EXPERIMENT.\L 

Synthesis of Radioactive Aminoethylphosphoric Acid 

A method for the preparation of radioactive phosphorus oxy- 
chloride, involving the conversion of *P into ‘PClj and the oxida- 

* This work has been supported by a grant from the John and Mary R. 
Markle Foundation. 
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tion of the latter to *POCl 3 , has been briefly reported elsewhere 
(3).^ In the present work it was prepared from radioactive phos- 
phate by means of the following reaction. 

Ag3*P04 + 3PCIt = 4*POCl5 + 3AgCl 

Radioactive sodium phosphate was converted into the silver salt. 
To 6.89 gm. of dry Ag 3 *P 04 (0.016 mole) in a bomb tube 11.2 gm. 
of powdered PCh (0.054 mole) were added. The sealed tube was 
heated to 130° for 10 minutes. The *POCl 3 which had formed at 
that time was refluxed for a few minutes by careful heating with 
a microburner in order to break up the AgCl lumps. The radio- 
active phosphorus oxychloride was finally purified by distillation 
in vacuo into a trap cooled with solid CO 2 . It weighed 8.15 gm. 
(yield, 83 per cent). 

The barium salt of radioactive aminoethylphosphoric acid was 
synthesized according to Outhouse (1). 

Analysis — C2H60iN*PBa. Calculated. P 11.2, N 5.0 
276.4 Found. “ 11.4, “ 4.8 

For the metabolism experiments this preparation was converted 
into the sodium salt. 


Methods 

The radioactivity of the various phosphatide fractions discussed 
later in this paper was determined in the dry state by means of a 
Geiger-Mtiller counter according to the method generally used in 
this laboratory (4, 5). The urine samples were concentrated, and 
the phosphorus, after acid digestion, precipitated as the ammonium 
molybdate complex. The weighed precipitates were dissolved in 
NaOH solution and their radioactivity was determined in solution 
by means of the technique previously described (4). The amount 
of radioactive phosphorus accumulated in the livers and tumors 
of the tumor-bearing animals was likewise determined in solution 
after digestion of weighed tissue portions with a mixture of nitric 
and sulfuric acids. All activities are expressed in KF units per 
mg. of *P (4). 

As usual, all radioactivity measurements were accompanied by 

1 The asterisk before the symbol for an element indicates an unstable 
isotope. 
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standard measurements in order to correct for the decay of the 
unstable phosphorus administered to the animals and to express 
the activity counts in terms of the radioactive preparation em- 
ployed. The standards consi.sted (a) for the measurements in the 
dry state, of a suspension of the radioactive aminoethylphosphate 
preparation in vegetable lecithin, (b) for the measurements on the 
phosphomolybdate solutions, of a similar solution of the am- 
monium phosphomolybdate complex prepared from the amino- 
ethylphosphate, (c) for the measurements on the acid dige.sts of 
organs, of an aqueous solution of the aminoethylphosphate. 

The methods for the e.xtraction and isolation of the phosphatides 
vere essentially the same as in pre\'ious publications (5, 6). 

Metabolism of Aminoelhylphosphoric Acid 

Two adult rats (body weight 270 and 295 gm. respectively) 
each received 80 mg. of disodium aminoethjdphosphate, dissolved 
in 2 cc. of water, by subcutaneous injection; i.e., in each case a 
total of 13.4 mg. of *P with an activity of 300,000 ICF units 
(calculated on the same basis as the figures given in Table I). 
The animals, which received no food for 24 hours prior to and 
during the experiments, were killed 24 hours after the administra- 
tion of the radioactive material and examined in the u.sual manner. 
The results of the experiment are summarized in Table I. The 
lecithin and cephalin fractions of the brain are not included, since 
they showed no mea.surable radioactivity. As stated before (6) 
the amount of cephalin obtainable from the kidnej^s of one rat 
does not suffice for acti^^ty measurement and analysis. Data 
on the amount of *P excreted in the urine will be found later in 
this paper. 

Utilization of Amino ethylphosphoric Acid by Tumor-Bearing 

Animals 

A few orienting experiments were carried out concerning the 
metabolism of aminoethylpho.sphoric acid in tumor-bearing rats. 
Two adult rats with well developed carcinomas- (bodj^ weight 282 

* Carcinoma of the rat breast (Xo. 2426) which had been transplanted 
into animals of the inbred strain in which the tumor arose. AVe wish to 
thank Dr. W. H. Woglom of the Institute of Cancer Research of this Uni- 
versity for the animals used. 



Table I 


Formation of Phosphalidcs from Aminoelhylphosphoric Acid 


Rat 

No. 

Organ 

Phosphatido 

Weight 

P 

Radio- 
activi- 
ty* in 

1 mg. 

•P 

, , # 

Minimum 
amount of 
newly formed 
phosphatide, 
in per cent of 
total phospha- 
tide 





per 

JKF 






cent I 

unite 


1 

Liver 

Lecithin 

120.3 

3.9 

1630 

7.3 



Cephalin 

14.9 

3.7 

780 

3.5 

1 

1 

Intestinal tract 

Lecithin 

13.7 

3.2 

800 

3.6 

1 

1 


Cephalin 

21.2 

2.9 

690 

3.1 

1 

Kidney 

Lecithin 

19.2 

3.8 

590 

2.6 

2 

Liver 

it 

124.3 

3.6 

1470 

6.5 



Cephalin 

8.0 

3.6 

870 

3.9 


Intestinal tract 

Lecithin 

30.8 

3.3 

940 

4.2 

1 


Cephalin 

12.6 

3.0 

420 

1.9 


Kidney 

Lecithin 

21.7 

3.6 

620 

2.8 


* The spread of the individual counts was within about 3 per cent of the 
mean values given. 


Table II 


Accumulation of *P Originating from Aminoelhylphosphoric Acid in 

Tumor Rats 


Organ 

*P in 1 gm. fresh tissue 

Rats 

Rat 4 


TnQ» 

m^. 

Liver 

0.0601 

0.0680 

Tumor 

0.0365 

0.0431 


Table III 


Phosphalidcs from Tumor i2a(s 


Rat No. 

Organ 

Weight 

P 

Radioactivity* 
in 1 mg. •? 

Minimum 
amount of 
newly formed 
phosphatide, 
in per cent of 
total phospha- 
tide 


i 

1 

mff. 1 

per cent 

KF units j 


3 

Liver 

24.6 

3.4 

1490 

6.6 


Tumor 

4.2 

3.2 

1190 

5.3 

4 

Liver 

4.9 

3.4 

1350 

6.0 


Tumor 

1 

26.8 

3.4 

960 

4.3 


* The spread of the individual counts was within about 3 per cent of 
the mean values given. 
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and 223 gm. respectively) received the same amount of radioactive 
aminoethylphosphoric acid as the normal animals discussed in the 
preceding paragraph; i.e., each animal was given a subcutaneous 
injection of 13.4 mg. of *P with an activity of 300,000 KF units, 
contained in 2 cc. of water. The animals, which were fasted for 
24 hours prior to and during the experiment, were killed 24 hours 
after the administration of the radioactive material. The livers 
and tumor tissues were removed. A portion of each organ was 
destroyed with acid and the total accumulation of *P determined 
by measurement of the radioactivity, as described above; the 
phosphatides were prepared from the remaining tissue in the usual 
manner. The amounts of *P originating from the radioactive 

Table IV 


Excrelion of *P in Urine after Administration of Radioactive Aminoethyl- 
phosphoric Acid 


Rat No. 

Collection of 
f^dznen; time i 
after administra- 
tion of radioactirej 
xnoterial 

Total P excreted 

•P excreted 

i 

! ‘Pin total F 
excreted 


hrt. 

tnjr. 


per cent 

1 

8 

12.5 


31.2 


18 

9.1 


7.4 

2 

8 

11.7 


33.7 

3 

8 

9.1 

3.27 

35.9 

4 

8 

* 

* 

33.6 


* Partly lost by accident. 


aminoethylphosphate which were contained in the liver and tumor 
tissue 24 hours after the administration of the material are com- 
pared in Table II. 

The relative activities of the phosphatide preparations from the 
tumor and liver of the animals are given in Table III. These 
values are strictly comparable to the figures given in Table I. 
No attempt was made in this case to separate the ether-soluble 
phosphatides into their components, since only portions of the 
tissues were available for examination. 

Excretion of Radioactive Phosphorus in Urine 

The excretion of *P in the urine specimens collected within 8 
hours after the administration of radioactive aminoethjdphos- 
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phoric acid was followed in all animals. The preparation of the 
material for the activity measurements has been described above. 
In the case of Rat 1 a subsequent 10 hour specimen was likewise 
examined. The results of this experiment arc summarized in 
Table IV. 


DISCUSSION 

The most striking result of the experiments reported here is 
that the body apparently is unable to utilize aminoethylphosphoric 
acid as such for the synthesis of cephalin. The relative amounts 
of lecithin and cephalin newly formed in the liver and the intestinal 
tract, given in Table I, indicate that the new lecithin exceeded 
the new cephalin to an even higher degree than when inorganic 
phosphate was administered (5, 6). 

The utilization of aminoethylphosphoric acid for the synthesis 
of phosphatides in the body could proceed along one of the follow- 
ing lines: (1) Aminoethylphosphoric acid combines with a di- 
glyceride to form cephalin. (2) Aminoethylphosphoric acid is 
first methylated to cholinephosphoric acid which in turn combines 
with a diglyceride to form lecithin. (3) Aminoethylphosphoric 
acid is first split into ethanolamine and phosphoric acid, and the 
latter used for the synthesis of lecithin. Reaction 1 is made ex- 
tremely unlikely by the experiments here described in which much 
larger amounts of newly formed lecithin than cephalin were found. 
Reaction 2 cannot be excluded on the basis of the present e.xpei'i- 
ments, although the failure of ethanolamine to replace choline 
as lipotropic (7) or dietary (8) agent would seem to speak 
against it.® The most likely assumption, for the time being, is 
that expressed in Reaction 3. Enzymes which hydrolyze amino- 
cthylpho.sphoric acid have been found in kidney and feces (9), 
and the occurrence in liver of an enzyme which splits cholineplios- 
jihoric acid has been made probable (10). The simplest .series of 
reactions would, therefore, appear to be enzymatic hydrolysis of 
aminoethylphosphoric acid in the tissues, utilization of the inor- 
ganic phosphate for the synthesis of lecithin, demethylation of 

^ Under the conditions of the experiments the amount of methionine 
available to the animals must have been very small. It Avould be of interest 
to determine whether in the presence of a methyl group donor like methio- 
nine more lecithin is formed from aminoethylphosphoric acid. 
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lecithin to form cephalin. The aminoethylphosphoric acid nor- 
mally occurring in the body tissues probably is the product of the 
catabolism of cephalin. 

One other point appears noteworthy; viz., the large amount of 
radioactive phosphorus excreted in the urine during the first 8 
hours of the experiment (Table IV). In this time more than a 
quarter of the radioactive phosphorus administered had passed 
through the kidneys. There was no difference in this respect 
between the normal and tumor-bearing animals. As can be seen, 
a high percentage, about one-third, of the total phosphorus ex- 
creted was radioactive phosphorus which came from the amino- 
ethylphosphoric acid. During the next 10 hours the concentration 
of radioactive phosphorus dropped to 7 per cent of the total 
phosphorus eliminated. 

The experiments on the metabolism of aminoethylphosphoric 
acid in tumor-bearing animals pro\dde no basis for the assumption 
of a specific function of this compound in mahgnant gro^-th. The 
liver showed a faster rate of phosphatide turnover and of total 
phosphorus uptake than the tumor (Tables II and III). A com- 
parison of Tables I and III will, however, show that tumors belong 
to the most active tissues mth regard to the formation of phospha- 
tides from aminoethylphosphoric acid. This has been demon- 
strated before, as far as the utilization of inorganic phosphate is 
concerned (11, 12). 

The authors would like to ex-press their gratitude to Dr. J. R. 
Dunning of the Department of Physics of this University and to 
Dr. E. 0. Lawrence of the Radiation Laboratory- of the University 
of California for the radioactive phosphorus used in the experi- 
ments here described. They are indebted to Mr. B. Kress for 
general assistance. 


SUMMARY 

Experiments on the metabolism of radioactive aminoethyl- 
phosphoric acid indicate that this compound is not direct^ utilized 
for the synthesis of cephalin. After its administration to rats 
more newly formed lecithin than cephalin is found both in the 
liver and the intestinal tract. The bearing of the findings on the 
theory of phosphatide metabolism in the body is discussed. 
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Experiments with tumor-bearing animals fail to demonstrate a 
specific function of aminoethylphosphoric acid in malignant 
growth. It is considered as a normal breakdown product of 
cephalin. 
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THE NUCLEIC ACID CONTENT AND DISTRIBUTION IN 
STREPTOCOCCUS PYOGENES* 

By M. G. SEVAG, J. SMOLENS, akd DAVID B. LACKVIAN 

(From the Department of Bacteriology, School of Medicine, University of 
Pennsylvania, Philadelphia) 

(Received for publication, April 4, 1940) 

Nucleic acids conjugated with proteins are an essential part of 
the nuclei of all animal and plant cells (2). They are present so 
far as is known in all bacteria and viruses; indeed the smaller 
viruses, which appear to be the simplest entities having the essen- 
tial attributes of life (3), appear to be pure nucleoproteins (4). 

Nucleic acids, which exhibited serological reactivity by giving 
precipitates with certain antipneumococcal horse sera and with 
one rabbit antistreptococcal serum, have been isolated for the first 
time from /3-hemolytic streptococci of Lancefield’s Group A 
(Streptococcus pyogenes) (5, 6). While the nature of this sero- 
logical activity of nucleic acids is being investigated, we present 
here some data on their distribution in streptococci of several 
types and variant phases. 

Determination of Nucleic Acids in Streptococci 

At the start of this work a satisfactory method for the quantita- 
tive determination of nucleic acids in bacteria was lacking. At- 
tempts to extract the nucleic acids with dilute alkali were not onlj^ 
incomplete but also involved tedious and complicated manipula- 
tions. Streptococci washed three times with distilled water were 
dried and total phosphorus was determined by the colorimetric 
method of King (7), the purine nitrogen by the method of Graff 
and MacuUa (8), and total nitrogen by the micro-Kjeldahl method. 
These analytical results were irregular, as values varied from cul- 

* This work has been supported by a grant from the Commonwealth 
Fund. It was communicated to the Third International Congress of 
Microbiology, New York, September, 1939 (1). 
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ture to culture. It was evident that in washing the centrifuged 
culture sediments with distilled water, extraneous materials, such 
as inorganic phosphates, were not complete^ eliminated. 

With the above procedure the average of the duplicate analyses 
of each of six different washed and dried culture sediments of 
Type 6 (Strain 1048M) streptococci gave the following range of 
results; 1.65 to 2.34 per cent phosphorus, 1.15 to 2.05 per cent 
purine nitrogen, 11.1 to 14.3 per cent total nitrogen. Analytical 
results of the other types of organisms within Group A showed 
similar irregularities. 

Extraction of Streptococci with Acidulated Alcohol — ^The above 
preliminary experiments convinced us that the fresh culture sedi- 
ments contained a varying amount of certain phosphorus com- 
pounds (organic and inorganic) in excess of the nucleic acid phos- 
phorus, and varying amounts of other inorganic salts. The bac- 
terial sediment from 5 liters of broth culture grown for 16 hours 
was washed once with distilled water, then suspended in 250 cc. 
of 95 per cent alcohol which contained 0.5 cc. of concentrated 
hydrochloric acid, and shaken mechanical!}'’ for 30 minutes. The 
sediment was then centrifuged and the above treatment repeated 
twice. After the third washing the sediment was extracted Avith 
ether and dried, first at 56°, and then at 110°, before analysis for 
phosphorus, purine nitrogen, and total nitrogen. 

Analysis of Alcoholic Extracts — ^The acidulated alcoholic extracts 
were neutralized and evaporated to dryness over a water bath. 
The residues Avere taken up in a volume of 25 cc. of distilled AA'ater 
and analyzed for total and inorganic phosphorus, and total nitro- 
gen. In tAvo experiments Avith tAvo different cultures of Type 6 
(Strain 1048M) streptococci, I'espectwely 1.25 and 1.60 mg. of 
nitrogen, and 0.74 and 0.67 mg. of total phosphorus Avere found 
in the extract, per 100 mg. of dry organisms extracted as described. 
Of these phosphorus A'-alues 0.4 and 0.37 mg., respectiA'’ely, AA^ere 
inorganic phosphorus. In tAvo similar experiments alcoholic ex- 
tracts of Type 1 (Strain 1685M) organism respectively contained 
1.42 and 1.87 mg. of nitrogen and 0.51 and 0.63 mg. of total phos- 
phorus per 100 mg. of extracted organisms. Of this phosphorus 
0.31 and 0.36 mg., respectively, were inorganic phosphorus. 

Therefore it appeared that the organisms Avashed with distilled 
AA'ater contained acid alcohol-extractable material Avhich in Strain 
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1048M had 1.25 to 1.60 per cent N, and in Strain 1685 jM had 
1.42 to 1.87 per cent N. 

The alcoholic e.xtract on evaporation to drjTiess at 110° without 
the neutralization of the acid yielded total solids ranging between 
10 and 12 per cent. The extracted material on drj'ing at 110° 
assumed a charred, dark brown appearance and had a pungent 
odor. The data thus obtained with four different strains are 
given in Table I. 

Analysis of Streptococci Extracted with Acidulated Alcohol — ^The 
extracted organisms were dried at 110° and 8 to 10 mg. were used 
for the determination of phosphorus, 10 to 12 mg. for total nitro- 
gen, and about 20 mg. for purine nitrogen. Determinations on 


Table I 

Alcoholic Exlraclion of Sireplococci 
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is well known that certain cells and bacteria contain both the 
d-ribose and desoxyribose types of nucleic acids (9). In this labo- 
ratory Zittle (10) showed that neutral extracts of /3-hemoIytic 

Table II 


Nucleic Acid and Nuclcoprotcin Content of Group A Streptococci 


Strain 

Colony 

characteristics 

1 


’ Purine N 

Ratio, 

purino 

NtoP 

Nucleic 

acid, 

aver- 

age* 

Protein 
or nu- 
cleo- 
proteinf 

1 


jp<r cent 

per cent 

per cent 


per cent 

per cent 

Thymus (desoxyribose) nucleic 

acid 

9.89 

11.17 

1.13 



(theory) 








Yeast (d-ribose) nucleic acid (theory) 

9.64 


1.11 



1048M 

Mucoid 

13.5 

1.85 

2.14 

1.16 

20.4 

84.3 



13.5 

1.89 

2.21 

1.17 


84.3 

1685M 

H 

13.3 

2.18 

2.35 

1.08 

22.5 

83.1 



13.6 

2.46 

2.59 

1.05' 


85.0 

1685S 

Smooth 

13.2 

2.11 

2.15 

1.02 

20.8 

82.5 



13.1 

2.18 

2.41 

1.11 


81.8 

C203M 

Mucoid 

13,2 

2.25 

2.17 

0.97 

20.7 

82.5 



13.7 

2.42 

2.36 

0.98 


85.5 

C203S 

Smooth 

13.7 

2.10 

2.32 

1.10 

20.2 

85.5 



13.6 

1.86 

2.07 I 

1.11 


85.0 

C203E 

Rough 

13.5 

1.84 

1.76 

0.96 

16.8 

84.3 



13.6 

1.64 

1.92 

1.16 

1 

85.0 

BjS 

Smooth 

13.3 

2.21 

2.66 

1.19 

24.1 

83.1 


1 

13.1 

2.21 

2.62 



81.8 

BjR 

Rough 

13.4 

1.26 

1.66 

1.29 

1 14.8 

83.8 


1 1 
1 


1.30 

1.58 




NY5M 

Mucoid (small) 

13.5 

1.85 

2.14 

1.14 

19.3 

84.4 





2.08 



1 

NY5R 

Rough 

12.7 

1.56 

1.65 

1.04 

14.8 

79.4 



12.5 


1.58 



78.2 

10-1-S 

' Smooth 

' 13.5 

1.75 

1.70 

1.01 

16.2 

84.3 



13.7 

1.78 

1.85 



85.5 

10-2-S 

1 tt 

13.5 

1.76 

1.90 

1.11 

18.3 

84.3 



13.2 

1.83 

2.00 



82.5 

10-2-R 

Rough 

12.2 

1.42 

1.48 

1.12 

15.1 

76.2 



12.4 

1.54 

1.74 



77.5 



12.0 


1.77 



75.0 


These data have not been corrected for extractable material for the 


reason stated at the bottom of Table I. 
* Based on purine nitrogen, 
t Based on total nitrogen X 6.25. 
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streptococci gave color reactions for both tj'pes of nucleic acids. 
In this study ve have attempted to evaluate roughly the per cent 
of desoxyribose tj'pe of nucleic acid in the extracted streptococci 
as follows: 

4 cc. of 0.1 N HCl were added to 25 to 35 mg. of dried and ground 
whole organisms. This mixture was placed in a boiling water 

Table III 


Biological Properties of Strains Analyzed 


Strain No. 

1 Col- 
1 ony 

1 form* 

[ lIouM virelenoet | 

Nature of egslutinatiofl reaction ^ 

Gri£- 

ith*a 

type 

No. 



cc. 



1048M 

M 

10-^ to 10-‘ 

Tj-pe-specific 

6 

1685M 

Ms 

10-7 « io-« 

(( 

1 

1685S 

S 

Avirulent 

tt 

1 

C203M 

M 

io-‘ 

Group and type 

1 

C203S 

S 

Avirulent 

tt tt tt 

1 

C203R 

R 

<< 

“ “ very small 





amount of Type 1 


B,S 

Sm 

“ (12) 



B,R 

Rs 

“ (12) 



NY5 Wadsworth 

Ms 

io-‘ 

Type-specific 

10 

NY5R 

R 

Avirulent 



10-1-S 

S 

" X 

Group-specific 


10-2-S 

tf 

" t 

Type-specific 

5 

10-2-R 

R 


(( 

5 


* M = mucoid, Ms = mucoid vsith a slight tendencj’ toward smooth, 
Sm = smooth with traces of mucoid, S = smooth, Rs = rough with traces 
of smooth, R = rough. 

t The figures indicate the approximate amount of an 18 hour blood broth 
culture required to kill a white mouse in 24 to 48 hours. The figures in 
parentheses refer to the bibliography. 

t Hadley and Hadley (13) and personal communication. 

bath and hydrolyzed for 15 minutes. (The use of more concen- 
trated acid or a longer period of hydrolysis yielded identical 
results.) The hydrolyzed mixture was centrifuged and the 
clear supernatant used for analysis according to the method of 
Dische (11). The diphenjdamine reagent was prepared by dis- 
solving 1 gm. of diphenylamine (Merck’s reagent) in 2 cc. of HiS04 
and then adding 98 cc. of glacial acetic acid. The HtSO^ was used 
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merely as a solvent for the diphenylamine. 8 cc. of this reagent 
were added to 4 cc. of the acid extract of the whole organism. 
The 12 cc. of solution Avere placed in a boiling water bath for 3 
minutes and then rapidl}'' cooled. After 5 minutes readings were 
made in an Evelyn photoelectric colorimeter Avith a No. 660 filter. 

A curve had been plotted of varying known amounts of desoxy- 
ribose nucleic acid against corresponding Evelyn colorimeter 
readings. Therefore AA'hen aa'^c kncAV the colorimeter reading of an 
unknoAvn solution, Ave could refer to the curve and determine the 
corresponding amount of desoxyribose nucleic acid in the un- 
known. Further acid extractions of the centrifuged hydrolyzed 
organisms gave negative qualitative tests for thj'^mus nucleic acid. 

All of these strains yielded from 2 to 6 per cent of the total dry 
AA^eight of the bacteria as desoxy'^ribose nucleic acid, AAdiich was 
about 10 to 30 per cent of the total nucleic acid. These results 
Avere not due to impurities in the broth, since organisms grown 
in a chemically defined medium, in which there aa'ss no nucleic 
acid, gave the same results as AAuth the organisms groAvn in broth. 

Biological Properties — The biological properties of each strain 
were studied at the time it was being analyzed chemically. A 
summary of these properties is given in Table III. 

DISCUSSION 

Fish sperm and tobacco ring spot virus have been shown to 
contain about 40 per cent nucleic acid (4). The data presented 
here show that the Group A /3-hemolytic streptococci also contain 
considerable amounts of nucleic acid. Our findings further show 
that type-specific, virulent mucoid strains contain 19.3 to 22.5 
per cent, less type-specific avirulent smooth strains 18.3 to 24.1 
per cent, and non-type-specific avirulent rough strains 14.8 to 
16.8 per cent nucleic acid. The rough colony form AA'hich is 
avirulent and non-type-specific thus shoAvs a marked loss of 25 
to 35 per cent nucleic acid, in contrast to the mucoid and smooth 
phases. Of the total nucleic acid contained in streptococci it 
appears that 10 to 30 per cent is desoxyribose (thymus) nucleic 
acid, the remainder being of the d-ribose (yeast) type. When our 
data are correlated with previously knoAvn facts, namely (c) occa- 
sional absence of virulence in the mucoid phase without change in 
colony form or type specificity and (6) the loss of virulence and 
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decrease or loss of tj^e specificitj’’ in the smooth phase, it -n-onld 
appear that the above changes are not accompanied bj' any marked 
decrease in nucleic acid content. This also appears to be the case 
ndth respect to the nucleoprotein content. 

In our study of the various streptococcal protein fractions vre 
have always found nucleic acid. Heidelberger and Kendall (14) 
showed that all the protein fractions prepared from streptococcal 
cells contained phosphorus. Although these data might suggest 
that all the protein in streptococci is conjugated with nucleic acid 
in various proportions, one cannot as yet exclude the possibility 
of the existence of simple cellular proteins. 
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THE COUPLED OXIDATION OF CAROTENE AND FAT 
BY CAROTENE OXIDASE 

Bt JAMES B. SUMKER and ROBERT J. SUMNER 
(From the Department of Zoology, Cornell University, Ithaca) 

(Received for publication, April 12, 1940) 

Recently Sumner and Bounce* described the enzyme discovered 
in 1928 by Bohn and Haas in legumes and especially in the soy 
bean. This enzyme peroxidizes the unsaturated fats and bleaches 
carotene, bixin, xanthophyll, and other carotenoids. We have 
called this enzyme “carotene oxidase,” but possibly “unsaturated 
fat-peroxidizing enzyme” would be more accm-ate. 

In earlier experiments the carotene we tested was a preparation 
dissolved in unsaturated oil. Later we employed crystalline 
carotene and were surprised to find that the carotene oxidase had 
an almost negligible bleaching action upon this. On the contrary, 
when one employs carotene dissolved in a small quantity of fat, 
the bleaching is extremely rapid. With excessive quantities of 
fat, the rate of bleaching of the carotene diminishes. Thus, the 
bleaching of 0.79 mg. of carotene required 18 to 20 hours with 
no oil, 32 seconds with 4.6 mg. of hemp-seed oil, and 180 seconds 
with 50 mg. of hemp-seed oil. A curx'e for the rate of the reaction 
is given in Fig. 1. Bbdn, prepared from annatto paste, acts 
like carotene. 

Using 4.6 mg. of hemp-seed oil and 0.79 mg. of carotene, we find 
the temperature optimum to be at 40-45°. This is quite dif- 
ferent from the temperature optimum for the action of carotene 
oxidase upon cottonseed oil. 

The effect of added fat upon the rate of bleaching of carotene 
is probably due to a coupled o.xidation. Highly unsaturated 
fats, such as hemp-seed oil or soy bean oil, are much more effective, 

' Sumner, J. B., and Bounce, A. L., Enzymologia, 7, 130 (1939). See 
also Hauge, S. M., J. Biol. Chem., 108, 331 (1935) and Frey, C. X., Schultz, 
A. L., and Light, R. F., Ind. and Eng. Chem., 28, 1254 (1936). 
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weight for weight, than olive oil or butter. Fat which has been 
previously peroxidized by the action of carotene oxidase has no 
increased action on the bleaching of carotene, nor does it cause 
immediate bleaching when carotene is dissolved in it, although 
bleaching occurs later. In order to exert its action, the fat must 
be mixed with the carotene before being suspended in water; if the 
fat and the carotene are suspended in water separately and then 
mixed, the action is slow. 



Fig. 1. The effect of hemp-seed fat upon the rate of oxidation of caro- 
tene by carotene oxidase. 


EXPBRnUENTAL 

Carotene Solution — 95 mg. of crystalline carotene (Nutritional 
Research Associates, South Whitley, Indiana) were shaken with 
400 cc. of acetone and 200 cc. of 95 per cent alcohol until largely 
dissolved. The solution was then filtered and kept in a brown 
bottle. 

Fat Solution — 5 gm, of fat were dissolved in 200 cc. of acetone. 
The hemp-seed oil was prepared by grinding hemp-seed in a coffee 
mill, extracting with petroleum ether, filtering, and evaporating 
off the petroleum ether. The soy bean oil was prepared in a 
similar manner. 

Enzyme Solution — 5 gm. of fat-free soy bean meal were stirred 
with 200 cc. of distilled water and the suspension was centrifuged 
^for I hour. The somewhat milky supernatant was poured off 
mnd kept in the ice chest. 
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Phosphate Buffer — This contained 4.73 per cent of Na2HP04 
(anhydrous) and 4.54 per cent of ICH 2 P 04 (anhydrous). The 
pH -was about 6.5. 

Procedure — We pipetted into a 250 cc. Erlenmeyer flask 5 cc. 
of the carotene solution and added the fat solution to this if fat 
■was to be employed. After mixing, we added 100 cc. of distilled 
water and 5 cc. of the phosphate buffer. Next 1 cc. of the enzyme 
was added and the contents of the flask were rotated imtil bleach- 
ing was judged to be complete. In experiments in which bleaching 
took over ^ hour, the rotation was intermittent. 

SII1IM.A.HY 

Carotene o.xidase bleaches carotene %vith e.xtreme slo'wness unless 
a small amount of fat is present. If an optimal quantity of fat 
is added, carotene is bleached with great rapidity. Bixin is af- 
fected in a similar manner. Highly unsaturated fats like hemp- 
seed oil or soy bean oil are more effective than olive oil or butter. 

The bleaching action by the enzyme is probably an instance of 
a coupled reaction. 




THE OXTOATION OF VITAMIN E* 

Bt CALVIN GOLUMBIC and H. A. MATTILL 

{From the Biochemical Lahoralory, State University of loica, Iowa City) 

(Received for publication, April I, 1940) 

The rapid autoxidation of S 3 'nthetic a-tocopherol reported by 
Isler (1) is a demonstration on the pure substance of what has 
long been known regarding the behatdor of ^dtamin E in the 
presence of readilj' autoxidizable fats (2). Some idea of what may 
happen to vitamin E under such conditions has been gained from a 
study of the effects of individual oxidizing agents, organic and 
inorganic, under controlled conditions. 

With gold chloride (3) or ferric chloride (4) the oxidation product 
is a substituted p-quinone which ma)’ be reduced to a tocopherj'l- 
hydroquinone in neutral or wcaklj' acid solutions. In the presence 
of halogen acids there is cyclization and regeneration of the 
original tocopherol. With more vigorous agents like silver 
nitrate or nitric acid the oxidation maj’ proceed farther, to form a 
pjTanobenzoquinone (5, 6) ; this compound has been shown to be 
devoid of biological activity. The biological actityty of the 
p-quinone produced bj' ferric chloride or bj'- mild treatment with 
silver nitrate (7) is still open to question; ferric chloride at steam 
bath temperature (4, 8) produced an inactive substance, whereas 
the product obtained at room temperature (9) was still effective 
as vitamin E. 

The change from tocopherol to tocopherjdquinone might occur 
in two successive univalent steps; such a two-step oxidation would 
be in accordance with Michaelis’ theory of compulsory univalent 
o.xidation (10). According to Conant (11) and Fieser (12), in the 
irreversible oxidation of a phenolic substance, the initial step is 
reversible and consists of the production of a phenoxyl radical 

* A report of this work was presented by one of us (C, G.) before the 
meeting of the American Society of Biological Chemists at New Orleans, 
March 13-16, 1940. 
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which forms an unstable oxidation-reduction system with the 
phenol. AVhen such a reversible step governs the rate of the 
irreversible oxidation of a phenol, it is possible to measure an 
apparent oxidation potential bj’' the method of potentiometric 
indicators. 

Such a system ma}’^ also be postulated between a-tocopherol and 
a-tocopherylquinone as follows: 




a-Toc opheryl quinone 


Successful measurement of an apparent oxidation potential of 
a-tocopherol would in itself be suggestive evidence for the ex- 
istence of the system and for the irreversibility of the second step 
in it. The purpose of this paper is to report the apparent oxida- 
tion potential of synthetic a-tocopherol and to record the bio- 
logical inactivity of a-tocopherylquinone. 


EXPERIMENTAL 

The procedure of Conant and Pratt (13) was applied to a-toco- 
pherol at a temperature of 75° in alcoholic solution (Table I). 
Under the conditions of the experiment, the apparent oxidation 
potential, i.e. the potential at which 20 to 30 per cent of the 
a-tocopherol was oxidized in 30 minutes, lies between the normal 
potentials of a mono- and a dimethylhydro quinone. Duplicate 
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experiments agreed \rithin a few millivolts. The same range was 
obtained when the procedure of Conant and Pratt was modified; 
the proportion of equimolar mixtures of the reagent quinones and 
corresponding hydroquinones to a-tocopherol was increased and 


T.\bi.-e I 

Oxidation of a-Tocopherol in 95 Per Cent Alcohol (0.3 y in HCl) at 75” ± 2” 


Reagent (containing equi- 
molar amounts of reduced 
form) • 

r.t 

a-TocopheroU 

Change of potential j 

Fraction changed 


5 min. 



5 min. ; 

[15 min. 

[30 min. 


TOU 

tniZK- 

TOliS 

ntZli- 

roftf 


per cenf 

per cent 

per cent 

Quinone 

0.711 

-92 

-112 

-119 

>95 

>95 

>95 

Toluquinone 

0.656 

-15 

-22 

-28 

22 

63 

73 

p-Xyloquinone 

0.597 

-1 

+1 

0 

0 

0 

0 

^^-Cumoquinone 

0.537§ 

+1 

4-1 

0 

0 

0 

0 

2-Methyl-l ,4-naphtho- 








quinone 

1 0.408 

+1 

0 j 

0 

0 

0 

0 


* The concentration of both the oxidized and reduced forms was 5 X 

10 -‘ M. 

t The normal oxidation-reduction potentials are not corrected for pH or 
temperature. 

t The concentration of «-tocopherol was always 1 X 10”’ m. 

§ Calculated. 


Table II 

Oxidation of a-Tocopherol by Quinones in 95 Per Cent Alcohol (0.02 k in 
Acetic Acid and Sodium Acetate) at 75° ± 2” 


I 

1 

Reagent* i 

j 

1 

i 

Sot 


tt-TocopheroI 


.Amount 
• usedt 

! 

j .Amount 

1 recovered 

Amount 
oxidized 
in 30 min. 


TOlt 

mil. ! 

1 rny. 

per cent 

Quinone 

0.711 

10.7 

1.47 

86 

Toluquinone 

0.656 

10.0 

1 6.2 

38 

p-Xyloquinone 

0.597 

9.6 

8.25 

14 

Trimethylquinone . . . . 

0.537§ 

9.8 

9.13 

7 

None 


4.4 

4.4 

0 


* The reagent in all cases was 2 X 10”‘ xi in the oxidized and in the re- 
duced form. 

t These potentials are not corrected for temperature and pH. 
t In all cases the concentration was 2 X 10”’ m. 

§ Calculated. 
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the extent of oxidation of a-tocopherol in 30 minutes was deter- 
mined by gold chloride titration of the unchanged tocopherol 
(Table II). From the figures in the last column it is apparent 
that under the conditions the amount of a-tocopherol oxidized 
decreased with decreasing oxidation-reduction potential of the 
reagent mixtures and that the apparent oxidation potential 

Table III 


Vilamin E Action of a-Tocophcrylquinone and a-Tocopherylhydroquinonc 


Compound 

Amount 

fod 

No. of 
animals 

No. of 
implan- 
tations 

No. of 
resorp- 
tions 

No. of 
litters 


mg. 





a-Tocopherjdquinonc 

5 

1 

1 

1 

0 


15 

2 

2 

2 

0 


35 

1 

1 

1 

0 

a-Tocopherylhydroquinonc* 

15 

2 

2 

2 

0 

“ triace- 

15 1 

3 

3 

3 

0 

tatet 

1 





a-Tocopherol acetate 

2.7 

9 

9 

1 

8 

No dosage 


4 

4 

4 

0 

Olive oil 

200 

5 

5 

5 

0 

p-Xyloquinonc 

50 

2 

2 

2 

0 

“ + 

50 

2 

2 

2 

0 

Phytol 

120 

1 




p-Xylohydroquinonc 

50 

2 

2 

2 

0 

“ + 

50 

2 

2 

2 

0 

Phytol 

120 





p-Xylohydroquinonc -f- 

50 

2 

2 

2 

0 

Phytadiene 

150 





Toluhydroquinone -f- 

50 

2 

2 

2 

0 

Phytol 

120-170 






* Administered intrapcritoneally. 
t Not recrystallized. 


(20 to 30 per cent oxidation) of a-tocopherol lies between the 
normal potentials of toluquinone and p-xyloquinone. 

The biological tests of a-tocopherylquinone were made on virgin 
animals reared on a vitamin E-deficient diet. The quinone was 
prepared from synthetic a-tocopherob by ferric chloride or gold 

* The synthetic a-tocopherol was prepared by alkaline hydrolysis of 
a-tocopheryl acetate which was kindly furnished by Hoffmann-La Roche, 
Inc. 
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chloride oxidation according to the procedures of John (4) and 
Karrer (3), respectively. a-Tocopherj'lquinone, its hydroquinone, 
and the hj'droquinone triacetate displaj'ed no -vitamin E acti-vity 
even at the high levels fed (Table III). Eight of the nine control 
animals given 2.7 mg. of a-tocopherol acetate gave a positive 
response; nine animals, senring as negative controls, sho-a-ed that 
■we -a-ere not dealing -adth first litter fertilitj'. Subsequently, five 
of the nine animals used for assajdng the derivatives of a-toco- 
pherol -a’ere given adequate doses of \'itamin E and all five had 
litters. 


Table IV 


Antioxygenic Action of a-Tocopherol and a-Tocopherylguinone in Lard at 75° 


Substance 

tt-Tocopherol 

content* 

Antioxygenic 

indeit 

1 Concentration 

1 

I. a-Tocophcrylquinone 

per cent 

0* 

1 


II. 

4* 

1 


III. 

20* 

2 


W. 

50t 

2.5 

0.04 

V. a-Tocopherol 

98* 

2-3 

0.02 

VI. 

98-1001 i 

5 

0.04 


* As determined by electrometric titration against gold chloride 
(Karrer). 

■f Ratio of the induction period of stabilized fat to that of the control. 

t A mixture of Substances I and V. 

§ Substance VI was assayed against Substance V colorimetrically 
(Emmerie and Engel (16)). 

p-Xyloquinone, p-xylohydroquinone, and toluhydroquinone 
which form oxidation-reduction systems in the same potential 
range as a-tocopherol had no vitamin E acthity (Table III). 
Mixtures of these compounds -with phytol and phiriadiene were 
likewise ineffective. This same demonstration has already been 
made -with trimethylhydroquinone and phj-tol by Evans and 
collaborators (14). Apparently, the rat lacks the requisite 
catalysts for cj'clizing any of these compounds to the chroman 
structure. 

Oxidation of a-tocopherol by ferric chloride at room temperature 
is incomplete. We hav'e used the accurate electrometric titration 
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method of Karrer (3) to detect the presence of a-tocopherol in 
samples of a-tocopherylquinone prepared by different methods.^ 
At room temperature 20 per cent of the a-tocopherol remained 
unattacked, whereas nearly'- complete oxidation (96 per cent) was 
secured at 75°. The antioxidant properties of a-tocopherol were 
also used to detect its presence in a-tocopherylquinone prepara- 
tions. a-Tocopherol is an antioxidant for lard (15) ; a-tocopheryl- 
quinone is not. Tocopherylquinone preparations containing 20 
per cent or more a-tocopherol (Table IV) displayed antioxygenic 
properties but preparations containing 4 per cent or less of toco- 
pherol (determined by electrometric titration) were not inhibitors 
at the same or even at higher concentrations. 

DISCUSSION 

The suggestion has been advanced provisionally by John and 
coworkers (4) and also by Evans and associates (14) that the 
biological activity of tocopherols may be related to their ready 
transformation in vitro to quinones, in a reversible oxidation- 
reduction system. If such a system extended from a-tocopherol 
to a-tocopherylquinone, the latter as well as the former should 
have biological activity. Since a-tocopherylquinone appears 
not to have biological activity, we must conclude that if an oxida- 
tion-reduction system is concerned it must be between tocopherol 
and an intermediate phenoxyl radical. The significance of these 
observations in relation to the physiology of vitamin E is under 
investigation. 

Our thanks are due to Lever Brothers Company of Cambridge, 
Massachusetts, for a grant in support of this work. 

SUMMARY 

1. An apparent oxidation potential of a-tocopherol has been 
measured by two methods; it appears to be between the normal 
oxidation potentials of mono- and dimethylhydroquinones. 

2. Even in relatively large doses a-tocopherylquinone does 

® Emerson, Emerson, and Evans (9) claimed that the development of 
color with Folin and Ciocalteu's phenol reagent is a sensitive test for a- 
tocopherol in tocoquinone preparations. In our hands, this color test has 
proved unreliable, since quinones respond positively and in a shorter time 
than has been stated. 
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not possess biological acti\’ity as measured b}' the capacit}' to cure 
sterilitj' in female rats reared on a \'itamin E-deficient diet. 
Contrarj' reports •n'hich have appeared may be explained by the 
presence of unoxidized a-tocopherol. Unless ferric chloride is 
used at steam bath temperature, oxidation is incomplete. With 
gold chloride, oxidation is complete at room temperature. 

3. a-Tocopheiydquinone containing unoxidized a-tocopherol 
demonstrates antio.xj’genic action on lard, whereas a-tocopheiyd- 
quinone itself has no such action. 

4. Various substituted hydroquinones, having oxidation poten- 
tials in the same range as a-tocopherol, are inactive biologically 
either alone or in association with phjdol. 

5. These obsen-ations suggest that the reaction a-tocopherol 
— > a-tocopherj'lquinone is not reversible in the organism. K, as is 
probable, the reaction takes place in two steps, the first .step is 
reversible and may have biological significance. 
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THE ADSORPTION OF FLUORIDES BY ENAMEL, DENTIN, 
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RADIOACTIVE ISOTOPE* 

Br JOSEPH F. VOLKER, HAROLD CARPENTER HODGE, HELEN J. 

WILSON, AND STANLEY N. Van VOORHIS 

{From the Department of Biochemistry and Pharmacology, School of Medicine 
and Dentistry, and the Department of Physics, College of Arts and 
Science, The University of Rochester, Rochester, New York) 

(Received for publication, April 11, 1940) 

Evidence has recently appeared from three diverse sources 
that fluorine is in some way related to the inhibition of dental 
caries. First, chemical analyses have shown that sound enamel 
from sound teeth contains more fluorine than that from carious 
teeth (1) ; this is the only established chemical difference between 
soimd and carious tissues. Second, field studies have shown a 
lower incidence of caries in areas of mottled enamel (dental fluoro- 
sis (2, 3)) . Third, in animal experimentation, rats have been found 
to develop less caries on a caries-producing diet when fluorine 
is added to the diet (4, 5). Two factors in the inhi biting action 
of fluorine have been discovered: (a) fluorine reduces the acid 
production of oral bacteria (6) and (6) fluorine reduces the solu- 
bility of the dental tissues (7). 

Since human dental caries begins on the surface of the enamel, 
it is important to explore the possibility that fluorides are ad- 
sorbed on the surface. To investigate this problem, samples of 
powdered enamel, dentin, bone, and hydroxj’-apatite were exposed 
to solutions of sodium fluoride. The amount of fluorine picked 
up by these calcium phosphates was found to follow the adsorp- 
tion isotherm, thus demonstrating that fluorine does adsorb on 
dental tissues. 

* This work was supported in part by grants from the Carnegie Corpora- 
tion of New York and from the Rockefeller Foundation. 
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EXPERIMENTAL 

Radioactive fluorine was prepared by bombarding oxygen in 
water molecules by the proton beam of the cyclotron. The 
nuclear reaction is as follows: gO’® + iH* — ^ gF*® + ofiK 

The unstable isotope F'® has a half life of 112 minutes and 
reverts to O'® by the emission of a positron as follows: gF'® — > 
sO'® + +ie®. Approximately 4 cc. samples of distilled water were 
bombarded for 2 hours in a special water-cooled cell furnished 
with a thin aluminum window (thickness 0.001 inch) through 
which the proton beam passed. Each of these samples was made 
up to 10 cc. with distilled water; 1 cc. was taken, diluted to 10 
cc., and used as a standard for obtaining the decay curve. Suit- 
able aliquots of the radioactive fluorine solutions were made up 
to volumes of 50 cc. with solutions of sodium fluoride varying in 
concentration from 1:100 to 1:1,000,000 by powers of 10. The 
enamel and dentin samples were prepared by the centrifugal 
flotation method (8) from dried teeth; the samples of bone were 
from inorganic residues prepared by KOH-ethylene glycol ex- 
traction (9). All the tissue samples were powdered to pass a 60 
mesh screen. The h 3 ’’droxyapatite was sample “TR 5” (Ca:P 
ratio, 2.12) described by Hodge, LeFevre, and Bale (10). It was 
not screened. 

25 cc. of the sodium fluoride solutions containing radioactive 
fluorine Avere stirred Avith 50 mg. samples of enamel, dentin, bone, 
or hydroxj'-apatite for 30 minutes at 40°. The solutions Avere 
decanted after centrifugation, and the precipitates tAvice AA'ashed 
Avith distilled Avater. The precipitates Avere dissolved in approxi- 
mately 2 cc. of 6 N hj'’drochloric acid; solutions of dentin samples 
Avere centrifuged to remoAm the insoluble flakes of organic matter. 
2 cc. samples of these solutions Avere placed in the counting cup 
of the Geiger-Miiller scale-of-four counter (11), and the number 
of counts determined, for duplicate or triplicate 5 minute periods. 
At intervals of 3 to 4 hours, the radioactivity of the standard 
radioactive fluorine solutions Avas determined as Avell as the back- 
ground count and the counter sensitivity (11). It Avas shoAAm 
expei’imentally that the Amriations in the concentration of calcium 
phosphate from solution to solution produced negligible changes 
in fl-ray absorption. 
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The decay cun’es of radioactive fluorine were plotted for each 
experiment and from these cun-es the counts for the various 
samples of dissolved calcium phosphates vere calculated back to 
the 100 per cent basis. The mg. of fluorine picked up bj’’ each 
calcium phosphate sample were calculated, and from these data 
two values were obtained (1) the mg. of fluorine picked up per 
gm. of calcium phosphate, and (2) the concentrations of fluorine 
remaining in the solutions at equilibrium. These values were 
plotted logarithmically with the latter as ordinates (Fig. 1). In 
the calculations the amounts of radioactive fluorine are so mi- 



Fig. 1. Adsorption isotherms (40“) for the various calcium phosphates 

nute that the total fluorine concentrations are taken as those of 
the isotope. The straight lines given in Fig. 1 were calculated 
by the method of least squares; the coeflicients obtained for the 
equation of each calcium phosphate were then expressed in terms 
of the coeflScients n and k from the Freundhch adsorption isotherm 
equation. 

Data 

In Table I are given the averages for the mg. of fluoride ad- 
sorbed per gm. of adsorbent for each of the five dilutions of 
fluoride used; each figure represents the average of four to six 
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determinations. The percentages of the total dissolved fluoride 
which are adsorbed increase from 0.5 per cent at 1:100 NaF to 
1, 5, 20, and 40 per cent, respectively, as the fluoride concentra- 
tion decreases by successive powers of 10. Since the values for 
the logarithms of x/vi when plotted against the values of loga- 
rithms of (7 for enamel, dentin, bone, and hydroxyapatite in each 
case fall along a straight line (Fig. 1), it is evident that this cri- 
terion of the Freundlich adsorption isotherm is satisfied and that 
these substances adsorb fluorine. 

In the following tabulation the adsorption coefficients for fluorine 
on the various calcium phosphates are shown. The coefficient 
n, characteristic of the adsorbed substance for adsorbents of 


Table I 

Fluoride Adsorbed on Various Calcium Phosphates at Various Fluoride 

Dilutions 


Concentration of 
F in solution at 
equilibrium. (C) 

F adsorbed per gm. adsorbent (x/m) 

Enamel 

; Dentin 

Bono 

Hydroxyapatite 

i/XlO* 

mg. 

mg. 

mg. 

mg* 

230 

I 12 

! 13 

12 

2.7 

23 

4.3 

2.5 

2.8 

1.2 

2.2 

1.0 

1.2 

1.4 

0.65 

0.18 

0.32 

1.23 

0.49 

0.34 

0.02 i 

0.08 

0.29 

0.07 

0.05 


identical chemical composition, should be reasonably constant 
for each of these calcium phosphates, since they have apparently 
identical principal molecular lattices (12). The n values given 
are considered to be in satisfactory agreement although the value 
for enamel is somewhat lower than the values for the other 
substances, k, the coefficient characteristic of the adsorbing 
substance, is different for various calcium phosphates. 


Symbol j 

Enamel i 

1 

Dentin 

Bone 1 

1 

Hydroxyapatite 

n 

1.6 

1 

2.2 

2.1 j 

2.3 

k 

37 

22 

22 

8 


A few experiments were done in which crowns of teeth were 
dipped for 30 minutes at 40° into solutions of sodium fluoride 
containing radioactive fluorine. The enamel was partially dis- 
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solved off bj" dipping the tooth into a solution of hydrochloric 
acid. Small, but detectable amotmts of fluorine were adsorbed 
bj' these intact enamel surfaces; the maximum amount of fluorine 
adsorbed on a single tooth was of the order of 0.02 mg. 

DISCUSSION' 

It would be almost meaningless to attempt to differentiate 
between fluoride adsorption as a physical phenomenon and as a 
chemical reaction, since there is an excellent chance that fluoride 
approaching the surface of a hydroxyapatite particle would react 
to produce fluorapatite (13-15), a mixed apatite, or calcium 
fluoride (16). In fact, the evidence of a surface reaction may have 
been an artifact contributed by the relativel 3 ’' short exposure of 
the calcium phosphates to the fluoride solutions (17). 

The n values characteristic of the adsorbed substance are all 
of the same order. These values are so nearly identical in the 
case of bone, dentin, and hydroxyapatite that these curves (Fig. 
1) might be described as affine adsorption curv'es. The curve 
for enamel crosses the other three cur\'es ; it is lower at low fluoride 
concentration than that of hj"drox 3 'apatite and higher in high 
concentration than those of bone or dentin. The significance of 
this deviation is unknown. It is interesting to note that the n 
values obtained by Manly and Levy (18) for the adsorption of 
phosphates on enamel, dentin, and bone are of the same numerical 
order as those for fluorine. For both fluorine and phosphate the 
n values for dentin and bone are similar; for enamel the n value 
for phosphate is higher, whereas for fluorine it is lower than 
the dentin and bone values. 

The fc values characteristic of the adsorbing substance are 
large for enamel (37), medium for dentin and bone (22), and small 
for hydroxyapatite (8). The higher value for enamel rules out 
any pronounced influence on fluoride adsorption due to the 
fluoride already present, since dentin contains normally about 
twice as much fluoride as enamel. The k fluorine to k phosphate 
ratio is 26 for enamel and approximately 3 for dentin and bone. 
The reason for this is unknown. However, such differences in 
ratios are not unknown; in fact Freimdlich states, “Undoubted 
regularities holding for the true adsorptive power are neither 
numerous nor well established” (19). 

The fact of adsorption of fluorides by enamel may have elin- 
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ical significance. The local application of solutions of fluorides 
to teeth in silii might add sufficient fluorine to the enamel sur- 
face to decrease its susceptibility to dental caries. 

SUMMARY 

1. Enamel, bone, dentin, and hydroxyapatite arc shown to 
adsorb fluorine according to the Freundlich adsorption isotherm. 

2. The coefficients characteristic of the adsorbed substance 
(n) and of the adsorbent (A*) have been calculated for each 
substance. 
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Correction — The coefficients a and b in the equation y = aA- bx (Fig. 1) 
should be respectively, dentin, 0.64, 0.50; bone, 1.20, 0.51; hydroxyapatite, 
1.17, 0.42. This does not alter the major conclusions. 
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d-Sorbitol has been emploj'ed in Europe as a carbohj'drate 
substitute in the treatment of diabetes and its use for this pur- 
pose has led to a highly controversial literature on the subject. 
There are those who maintain that it is not metabolized (1) and 
may be safely used as a sugar substitute (2-4) in the diabetic 
diet, while others (5, 6) claim it produces hj-pergh’cemia and 
should be avoided (7-10). The variet}’ of results reported as to 
the metabolism and glycogenic ability of sorbitol in the fasting 
animal has contributed to this controvers}". According to Pajme, 
Lawrence, and McCance (1) sorbitol fails to increase liver glyco- 
gen in the rat, while Todd, Myers, and West (11) report consider- 
able deposition of Uver glycogen after it was fed or injected. 
Waters (12) claims that the feeding of sorbitol solution to fasted 
rats produced no increase in hepatic glj'cogen, but that intra- 
peritoneal injection resulted in a marked increase in the glj'cogen 
content of the liver. Carr and Forman (13) find this hexahydric 
alcohol to be glycogenic when fed with two-thirds cacao butter 
to rats. Lafon (14) reports that sorbitol, up to 30 per cent of the 
diet, is not toxic to mice and seems to be almost complete!}' 
utilized. Roche and Raybaud (10) state that sorbitol is not 
converted into liver glj'cogen in the rabbit and that it does not 
prevent insulin hj'poglycemia. Thannhauser and jNIej'er (15) 
find that when fed with lean meat to dogs this alcohol can be 
converted into liver gl}'cogen as readily as glucose. 

Much of the controversy as to the utilization of sorbitol by the 
fasted animal appears to be due to the facts that conclusions have 
been based mainly on experiments performed with ven* small 
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series of animals and that experimental conditions have varied 
greatly. The present study deals with the metabolism of sor- 
bitol in a number of rats which had fasted for different periods. 
Various amounts of sorbitol were given and the effects of 3 and 
of 6 hour absorption periods were studied. The question of the 
metabolism of sorbitol has become increasingly important, as 
in recent years its price has been greatly reduced and its use ex- 
tended. It has already been incorporated in bread as a moisten- 
ing agent and is used in the manufacture of candy. The question 
naturally arises as to whether or not this polyhydrie alcohol can 
be classed as a foodstuff. 


EXPEKIMENTAL 

An approximatelj’- equal number of normal male and female 
white rats (aged 92 to 131 days) xvere used for each experiment. 
In the first group, the animals were fasted for 24 hours and then 
given 2 cc. of a 25 per cent solution of sorbitol which had been 
recrystallized from pyridine according to the method of 
Strain (16). We shall designate this as Sorbitol I, In the sec- 
ond group of e.xperiments, food was withheld from the rats for 46 
hours; then they were given either 2 cc. of a 25 per cent solution 
of Sorbitol I or Sorbitol II, a highly purified product of Atlas.’ 
3 hours later an additional 500 mg. of Sorbitol I or II were given. 
After another 3 hour absorption period, the animals were anes- 
thetized with sodium amytal and their hind legs skinned. The 
legs and liver were then frozen in situ with CO 2 snow. The 
methods for the preparation of the tissues for analysis and for the 
determination of tissue carbohydrates have been described (17). 

In Table I are listed the gbrnogen, lactic acid, and fermentable 
and non-fermentable sugar content of the various tissues ex- 
amined for the experimental animals fasted 24 hours and given 
500 mg. of Sorbitol I together with the control values. The 
values for the control rats are those obtained over a period of 4 
j’’ears in separate experiments dealing with carbohydrate me- 
tabolism. The observations were sufficiently uniform to justify 
combining them. As the hepatic glycogen of males is greater 
than that of females, we have separated the liver glycogen values 


* The sorbitol was generously furnished by the Atlas Powder Company. 
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Table I 

Carbohydrate Content of Tissues of Control and Experimental Rais 
The results are expressed in mg. per 100 gm. except for blood, in which 
case they are recorded as mg. per 100 cc. The values for glycogen are given 
in terms of glucose. 

Figures in bold-faced type represent values for the rats given Sorbitol I. 


Substance determined 

Maximal 

Minimal 

Mean 

Standard 
deriation 
of mean 

No. of rata 

Hales 

Fe- 

males 


603 

26 

203 

28 


30 

ti It 

1000 

97 

317 

30 


9 

It It 

1847 

94 

535 

67 

41 


It II 

723 

233 

474 

11 

9 


“ muscle 

749 

370 

563 

11 

40 

29 

II It 

607 

412 

635 

12 

9 

9 


17.5 

5.5 

10.0 

0.5 

23 

14 

II II It 

10.9 

6.2 

8 . 0 * 

0.4 

9 

6 

" “ muscle 

54.2 

11.8 

22.8 

1.2 

31 

20 

If If It 

30.2 

12.2 

21.3 

1.6 

9 

6 

" " blood 

21.8 

8.1 

13.8 

1.0 

8 

8 

If If It 

25.7 

7.6 

12.6 

1.8 

6 

6 

Fermentable reducing sub- 
stances 

Liver 

220 

51 

104 

4.1 

34 

19 

Cl 

148 

38 

87 * 

6.3 

9 

9 

Muscle 

42 

4 

17 

1.0 

36 

19 

<r 

49 

7 

20 

2.6 

9 

9 

Kidney 

82 

15 

53 

2.0 

35 

19 

It 

102 

15 

47 

4.0 

9 

9 

Blood 

92 

59 

74 

1.7 

11 

12 

It 

84 

66 

76 

2.1 

6 

6 

Non-fermentable reducing 
substances 

Liver 

59 

0 

26 

1.9 

34 

19 

It 

68 

13 

31 

3.5 

9 

9 

Muscle 

45 

4 

17 

1.2 

36 

19 

It 

35 

4 

14 

1.6 

9 

9 

Kidney 

37 

5 

17 

1.1 

35 

19 

II 

43 

9 

19 

2.1 

9 

9 

Blood 

8 

2 

5 

0.4 

11 

12 

It 

4 

2 

2 * 

0.4 

6 

6 


Statistically significant by the t test of Fisher. 
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according to the sex of the animal. In the case of muscle glycogen 
there appears to be no sex difference and we have therefore made 
no distinction between males (mean 566 mg.) and females (mean 

Table II 

Carbohydrate Content of Tissues of Control and Experimental Rats 


The results arc expressed in mg. per 100 gm. except for blood, in which 
case they are recorded as mg. per 100 cc. The values for glycogen are given 
in terms of glucose. 


Substance determined 

T..f. 

sor- 

bitol 

fed 

Mascimnl 

Minimal 

Mean 

Standard 

No, of rats 

deviation 
of mean 

Males 

Fe- 

males 

Gb'cogen, liver 


378 

54 

165 

32 


If 

it t( 

I 

118 

0 

46* 

14 


Bl 

tt it 

II 

376 

0 

126 

43 



it ti 


786 

67 

371 

70 

10 


tt tt 



I 

1168 

256 

784* 

87 

10 


tt 

II 

1166 

229 

627* 

104 

10 


” muscle 


626 

300 

501 

18 

10 

10 

(t tt 

I 

672 

417 

536 

15 

10 

10 

tt tt 

II 

722 

349 

540 

23 

10 

10 

Lactic acid, liver 


12.2 

5.4 

7.6 

0.4 

10 

10 

tt tt tt 

I 

14.7 

5.8 

8.8* 

0.4 

10 

10 

tt tt tt 

II 

12.9 

6.1 

9.8* 

0.5 

10 

10 

“ “ muscle 


38.6 

9.8 

22.8 

2.0 

10 

9 

tt tt tt 

I 

32.8 

13.2 

24.1 

1.2 

10 

10 

tt it tt 

II 

33.7 

10.1 

20.8 

1.6 

10 

10 

“ “ blood 


14.0 

6.6 

10.0 

0.7 

5 

5 

tt tt tt 

I 

19.6 

8.2 

12.2 

1.0 

5 

5 

ti tt tt 

II 

14.3 

7.9 

10.5 

0.7 

5 

5 

Fermentable reducing 








substances 








Liver 


191 

40 

104 

8.4 

10 

10 

tt 

I 

143 

62 

104 

1.4 

10 

10 

t f 

II 

174 

74 

110 

5.9 

10 

10 

Muscle 


28 

10 

20 

1.3 

10 

10 

it 

I 

30 

10 

20 

1.5 

10 

10 

tt 

II 

31 

11 

19 

1.2 

10 

10 

Kidney 


69 

23 

48 

2.8 

10 

10 

tt 

I 

81 

17 

54 

3.3 

10 

10 

tt 

n 

125 

31 

69* 

5.4 

10 

10 

Blood 


78 

66 

72 

1.4 

5 

5 

tt 

I 

89 

67 

77 

2.3 

5 

5 

tt 


89 

67 

78* 

1.8 

5 

5 
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Table II — Concluded 


Substance determined 

Type 

of 

Mammal 

Minimal 

ilean 

Stand^d 
deviation 
! of mean 

I 

No. of rata 

sor- 

bitol 

fed 

f Males 

Fe- 

males 

Non-fermentable reduc- 
ing substances 

Liver 


58 

11 

29 

3,2 

10 

10 

it 

I 

45 

10 

29 

2,4 

10 

10 

tt 

II 

41 

8 

20* 

1,5 

10 

10 

Muscle 


31 

6 

14 

I 1,5 

10 

10 

tt 

I 

25 

7 

15 

1,1 

10 

10 

tt 

II 

24 

6 

14 

0,4 

10 

10 

Kidney 


47 

7 

23 

1 2,7 

1 10 

10 

(( 

I 

30 

7 

17» 

1,6 

1 

10 

f ( 

II 

47 

7 

21 

2,3 

I 10 

10 

Blood 


6 

2 

4 

0,5 

5 

5 

<( 

I 

3 

2 

2* 

0,1 

5 

5 

(( 

II 

3 

2 

2* 

0,2 

0 

5 


* Statistically significant by the t test of Fisher. 


559 mg.). The maximal, minimal, and mean values for the 
carbohj’'drate content of the various tissues are given together 
vith the standard deviation of the mean. The means which are 
statistically significant by the t test of Fisher (18) are indicated. 
It is etddent that sorbitol is not metabolized under the above 
conditions. Those means which differ statistically from controls 
represent decreases and are not readily interpreted. 

Values for rats fasted for a longer period and in which the sorbi- 
tol dose was divided are summarized in Table II. These rats 
were fasted for 46 hours and then given two doses of 500 mg. of 
sorbitol at 3 hour inteiwals. The controls were fasted for 52 
hours. It will be seen that there is no increase in the liver gly- 
cogen of females, a significant decrease being noted in the case of 
Sorbitol I. There is a significant increase in liver glycogen of 
males but in one instance this is on the border line of significance. 
Increases are noted for liver lactic acid and fermentable reducing 
substances of the blood. As the total carbohydrate for the blood 
is about the same for experimental and control values, it is doubt- 
ful whether or not the slight rise in fermentable sugar is of any 
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significance. Decreases in the non-fermentable sugar of the hlood 
may be due to differences of the various yeasts employed. 

A comparison of Table I with Table II shows that sorbitol 
utilization is apparently favored by the giving of large doses in 
divided portions and by allowing a longer period of absorption. 
This may be accounted for by the fact that sorbitol is very poorly 
absorbed from the gastrointestinal tract. Practically all of the 
animals given the alcohol developed severe diarrhea. Unfortu- 
nately, we were not able to determine the coefficient of absorption 
for sorbitol. Considerable time was spent in an endeavor to 
adapt the Silberstein, Rappaport, and Reifer (19) method for 
the determination of sorbitol in blood to the gastrointestinal 
extract but without success. We were likewise unable to use 
this method for blood because of the unreliable results obtained. 

DISCUSSION 

Our data give no indication that sorbitol is utilized when given 
after the customary fasting period of 24 hours. It is also ques- 
tionable whether utilization occurs when the animals are fasted 
for 48 hours and are then given large quantities of the alcohol 
over a longer period of time. Under the latter conditions, male 
rats appeared to store glycogen in their livers but the females 
did not. It is difficult to reconcile our findings with those of 
Todd and coworkers who observed glycogen formation under 
approximately the same conditions. It should be pointed out, 
however, that they cite only three experiments in which sorbitol 
was given orally. These authors do not state the sex of their 
rats. This is important, as it is not uncommon to find values of 
1 per cent or more glycogen in the liver of male rats fasted for 
24 hours. Todd and his associates decapitated the animals be- 
fore removal of the liver, and then ground the liver in a meat 
grinder. By our method of freezing the living tissues before 
removal, and powdering them while frozen, we should have 
obtained the higher glycogen values. 

There can be no question but that sorbitol forms glycogen when 
fed mixed with cacao butter, as shown by Carr and Forman and 
by Todd and his coworkers. Cacao butter is known to lessen 
peristalsis, and when incorporated with sorbitol apparently pre- 
vents the diarrhea which is almost invariably produced by in- 
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gestion of aqueous solutions of the alcohol. The inability to show 
glycogen formation after the oral administration of sorbitol is 
probably related to the low coefficient of absorption of the alcohol. 
Unmistakable formation of glycogen occurs when sorbitol is given 
intraperitoneally (11, 12). 

The increased lactic acid content of the liver after sorbitol 
administration is interesting in ■view of the fact that we have 
foimd that the feeding of fructose gives a like result.- It ha.s 
been postulated by others (12, 20, 21) that sorbitol first ma}'- be 
changed to fructose before imdergoing further metabolism. This 
oxidation e'vidently takes place in the liver. When sorbitol was 
given to fructosuric indi'viduals, the blood fructose reached a level 
of 35 mg. per cent, and from 6.4 to 12 per cent of the sorbitol 
appeared in the urine as fructose (20, 21). These latter observa- 
tions afford strong evidence for the utilization of sorbitol by man. 

STTMMABT 

Glycogen formation was not observ^ed when sorbitol was fed to 
rats after the customaty fasting period of 24 hours. It is ques- 
tionable whether utilization occurred when the animals fasted 46 
hours and were then given larger quantities of the alcohol over a 
longer period of time. The inability to form glycogen under 
these circumstances is probably dependent upon the low rate of 
absorption of sorbitol from the gastrointestinal tract. 
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The selenium in cereal grains, 'which Franke and Painter (1936) 
found to be confined mostly to the proteins, is in fairly stable 
combination and acid hj’drolysis of such proteins jdelds organic 
selenium compounds. Westfall and Smith (1939) seem to question 
the conclusions of Painter and Franke (1935, 1936) and Horn, 
Nelson, and Jones (1936) regarding the nature of selenium in 
cereals. Thej- extracted cereals and proteins -ndth oxidizing 
agents, then distilled the extracts with a bromine-hydrobromic 
acid solution, and were able to reduce selenium in the distillates 
to the elemental form. Although this is a general propertj^ of 
inorganic selenium, their results can also be explained by reactions 
of manj”^ organic selenium compounds. The oxidizing agents used 
by Westfall and Smith readily convert the selenium of manj" 
organic selenium compounds to a form easily cleaved. Diselenides 
give seleninic acids and Painter (1939) has found these compounds 
to be cleaved in acidic as well as in basic solutions to give inorganic 
selenite. Some selenium ethers likewise jdeld elemental selenium 
upon treatment with oxidizing agents followed bj’ reduction. 
The selenium in plants and known organic selenium compoimds 
has not been reduced to the metallic form -without the use of rea- 
gents which first change organic selenium to inorganic selenite or 
selenate. ‘ 

* Approved for publication by the Director of the South Dakota .Agri- 
cultural Experiment Station as paper No. 125 of the Journal Series. 

Taken from Part II of a thesis submitted by Edgar Page Painter to the 
faculty of the Graduate School of the University of Minnesota in partial 
fulfilment of the requirement for the degree of Doctor of Philosophy. 
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Owing to the chemical properties of selenium, its occurrence 
in the protein, and the properties of the selenium compounds in 
the hydrolysates, it has been suggested by Painter and Franke 
(1935) that selenium analogues of the sulfur amino acids may 
exist in nature. Although the deposition of selenium follows 
closely that of sulfur in cereals and cereal proteins, this is not true 
for all plants (Painter and Franke, 1940). Inorganic sulfates 


Table I 

Selenium Content of Alkali Hydrolysates 


Hy- 

dro- 

lysato 

No. 

1 

' 1 

' 1 

Material hydrolyzed 

Selen- 

ium 

before 

olkn- 

lino 

hydro- 

lysis 

Method of hydrolysis 

Sden- 

ium 

in 

solu- 

ble 

hydro- 

lysate 


1 

Wheat Gluten 582 i 

117 1 

51 hrs. in 14% Ba( 0 H) 2 - 8 H 50 

p.p.m. 

85 


“ “ 582 

117 

51 “ " 14% “ + 

40 


“ “ 582 

117 

PbO 4- SnCls 

56 hrs. in 6.5% Ca(OH)i! 

99 


" “ 582 

117 

56 " “ 6.5% " + PbO 

50 


Corn Protein 523 

143 

51 “ " 14% Ba( 0 H)j- 8 H 50 + 

42 


Acid hydrolysate of 

95 

PbO -f- SnCh 

19 hrs. in 14% Ba(OH) 2 ' 8 HsO -f 

60 

M 

Gluten 582* 

It tt » 

95 

PbO + SnCls 
t 19 hrs. in 6.5% Ca(OH)s 

70 

8 

1 

«i tt I 

1 

! 1 hr. in 14% Ba(0H)2-8H20 + 
PbO 

■ 


* Hydrolyzed by boiling 14 hours in approximately 33 per cent HjSOi 
(see Painter and Franke (1936)). 

t Hydrolyzed by boiling 5 hours in 18 n H:S0< (see Painter and Franke 
(1936)). 

can readily be detected in plants but the authors have been unable 
to demonstrate the presence of inorganic selenates or selenitcs in 
plants. 

Franke and Painter (1936) showed that some of the selenium 
was alkali-labile when they electrodialyzed a seleniferous gluten 
peptized in dilute alkali. A small amount of selenium was 
detected in the anodic cell. Soon after this, attempts were made 
to remove all the selenium from the protein by hydrolysis in alka- 
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line plumbite. The lead sulfide, which always contained selenium 
and other insoluble material, was filtered out and the hydrolysates 
dried. The selenium content of these hydroh’sates is sho^\-n in 
Table I. 

Some of the hj'drolysates in Table I contained a small amoimt 
of alkali, but the reduction of the selenium content was greater 
than can be attributed to the increase in weight over the protein 
by the water added by h3’drolysis and unremoved alkali. It can 
be seen that there was a greater reduction of the selenium content 
when plumbite was present during hj’drolj'sis. 

Judging from the ease vith which selenium can be removed from 
the protein when it is hj’-drol3'2ed in alkaline solution, additional 
endence is at hand to indicate that selenium ma3' take a place in 
the molecule analogous to sulfur. It is generall3’’ assumed that all 
aUcali-labile sulfur in proteins arises from C3’stine or C3'steine. 
Andrews (1928), Gortner and Sinclair (1929), Thor and Gortner 
(1932-33), Clarke and Inou3’’e (1930), and others have shown 
that the quantit3' of sulfur removed from C3'stine depends upon the 
method of h3'drol3'sis. Labile sulfur %'alues are reported for onl3- a 
few proteins. It was therefore decided to h3'drol3’ze suflicient 
protein material in different alkaline solutions to permit the 
estimation of both selenium and sulfur in the same h3'drol3'sate 
fractions so that their relative stability could be compared. 

The results in Table II show that the stability of seleniiun in 
proteins is comparable to that of sulfur, but in every case a greater 
proportion of selenium than of sulfur remained in the filtrate from 
the lead precipitate. 

It is assumed that by the alkaline conditions part of the selenium 
from proteins formed insoluble lead selenide which was filtered off 
with the lead sulfide, because all organic diselenides and several 
other organic selenium compounds give lead selenide when heated 
in alkaline plumbite (Painter, 1939). When h3"drol3'sis is carried 
out in alkaline solutions without lead, the selenium cleaved from 
its organic linkage should first appear as alkali selenide. Part 
of the sulfur removed from C3’'stine or proteins is oxidized and 
several inorganic sulfur compounds have been reported or sus- 
pected (Thor and Gortner, 1932-33; Clarke and Inou3'e, 1930), 
Diselenides give rise to alkali selenides and selenites in alkaline 
solution. If oxygen is present, inorganic selenides are decom- 
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Selenium and Sulfur Distribution after Alkali Hydrolysis of Proteins 
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posed and metallic selenium is deposited when the solution is 
acidified. 

In view of these properties it is rather surprising that more 
selenium is not filtered out from alkali hydrolysates in the absence 
of plumbite, especiallj' when calcium and barium hydroxides are 
used, because with these alkalies there is much insoluble material 
upon which selenium may be adsorbed. If selenium is not sepa- 
rated at this point, one would expect that the metallic form would 
separate on acidification or bj' the action of reagents able to reduce 
inorganic selenite or selenate. Only a small fraction of metallic 

T.A.BLE III 


Selenium Cleaved by Alkaline Hydrolysis 


Hydro- 

lysate 

No. 

Gluten 

No. 

Method of hydrolysis 

Total 

So in 
insoluble 
residue, 
1st hy- 
droliTis 

Ee in PbS 
ppt„ 2nd 
hydrolysis 

Total So 
recovered 
as inor- 
ganic Se 

22 

582 

18 hrs. ia 20.0% NaOH 

per cent 

13.7* 

per cent 

3.0 

per cent 

16.7 

23 

582 

56 “ “ 6.5% Ca(OH)s 

15.4 

9.4 

24.8 

24 

607 

56 " “ 6.5% 

27.8 

9.0 

36.8 

25 

582 

51 “ " 14.0% Ba(0H)5-8H!0 

6.0 

13.7 

19.7 

26 

607 

51 “ “ 14.0% 

16.7 

14.4 

31.1 

27 

459 

51 “ " 14.0% 

14.0 

18.3 

32.3 

28 

583 

51 “ “ 14.0% 

17.6 

5.3 

22.9 


* Obtained by acidifying and reducing with SO; and hydroxj-lamine 
hydrochloride. 


selenium has been obtained by reducing an acidified alkali hydro- 
Ij'sate of seleniferous proteins with sulfur dioxide and hydroxj'l- 
amine hydrochloride. 

The insoluble residue from calcium and barium hj'droxide 
hj'drolysates always contained some selenium, as is shown in 
Table III. After the insoluble material was filtered off, the 
hydrolj’-sate was acidified with HCl and boiled for about 30 
minutes. This treatment should oxidize alkali selenide to ele- 
mental selenium and remove the sulfide sulfur. The hydrol3'sate3 
again were made alkaline with sodium hj'droxide, lead oxide added, 
and the solutions boiled for 12 hours. A little lead-blackening 
sulfur was evident in everj' case, but there was much more in the 
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sodium hydroxide hydrolj’-satc than in the barium h 3 "drolysate, 
and only a trace iii the calcium hj^d rolys ate. The insoluble residue 
(lead sulfide + some organic material), which resulted from this 
second boiling in alkaline solution, contained selenium, as is 
shown in Table III. 

Presumablj’^ the selenium in the insoluble residue from the first 
h 3 '^di’olj'^sis was cleaved to give alkali sclenide and oxidized to 
elemental selenium. Selenide not determined in this fraction 
should have beeir recovered in the lead sulfide from the second 
h 3 ''drol 3 ’’sis in alkaline solution. It may seem surprising that in 
most cases the total inorganic selenium recovered in Table III 
does not equal that in the lead sulfide shown in Table II, but 
Painter (1939) found that all organic selenium compounds studied, 
except benz 3 '’l derivatives, decomposed to a greater extent when 
lead was present in the alkaline solution. Since it \vas difficult 
to filter out completel 3 '’ the metallic selenium in the acidified 
h 3 '’drolysates of organic selenium compounds (Painter, 1939), 
this may account for the variations in the results as w'ell as some 
seemingly low 3 '-ields of inorganic selenium. The greatest con- 
centration of selenium in the protein h 3 '’drol 3 '’sates was 0.00071 
per cent. Colloidal selenium is estimated colorimetricalb'^ but 
it would be impossible to detect in the amber h 3 '^drol 3 ’’sates. If, 
after the lead sulfide was filtered out from the h 3 '’drol 3 '^sate of a 
seleniferous protein, the rest of the lead was removed b 3 ’’ addition 
of hydrogen sulfide, there was always a small percentage of 
selenium in the second lead sulfide. 

It is assumed that the labile sulfur shown in Table II arises 
from cystine or cysteine. Blumenthal and Clarke (1935) give 
evidence that other sulfur compounds besides cystine and meth- 
ionine occur in certain proteins; yet with the exception of djenkolic 
acid isolated by Van Veen and H 3 ''man (1935), no other sulfur- 
containing amino acid has been isolated from plant proteins. 

Although the lability of sulfur in the complex peptide linkages 
in proteins may be different from that of cystine or C 3 '’steine (Brand 
and Sandberg, 1926), the amount of lead sulfide formed in alkaline 
hydrolysis after reduction with stannous chloride > 6.5 per cent 
calcium hydroxide > 20 per cent sodium hydroxide; the same order 
as is obtained with cystine. The action of the different alkalies 
was, however, more pronounced with the acid hydrolysates than 
with the proteins. 
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By assuming that the amount of lead sulfide formed during the 
alkaline Iwdrolysis of proteins or acid hydrolysates approximates 
that from cystine by similar treatment (Zahnd and Clarke, 1933; 
Thor and Gortner, 1932-33; Clarke and Inouye, 1930), values for 
C 3 'stirie are obtained which agree well with those reported b 3 '- 
Jones, Gersdorff, and Aloeller (1924-25), Loone 3 ' (1926), and 
Baemstein (1932) for cereal proteins. 

Most of the sulfur lost 63 ' h 3 'drol 3 'sis of gluten b 3 ' 33 and 50 
per cent HsSOi is labile sulfur (compare H 3 'drol 3 "sates 9, 14, 15, 
and 16, Table II). There is much more sulfur in the humin when 
the stronger acid is used but a larger percentage of the total sulfur 
in the h 3 ’'drolysate is labile sulfur. This ma 3 ' be explained b 3 ' the 
work of Butz and du Vigneaud (1932-33) and Riegel and du Vi- 
gneaud (1935-36) who show that 50 per cent HiSOi converts meth- 
ionine to homoc 3 'stine or a thiolactone. Either of these com- 
pounds will give labile sulfur when heated in alkaline plumbite. 

An intimate relationship between the mechanism of selenium 
and sulfur elimination from the protein molecule is suggested 63 ’ 
the results. In most cases the percentage of selenium in the lead 
sulfide was increased b 3 ' h 3 'drol 3 'sis in solutions which removed a 
larger percentage of the sulfur from the protein. In ever 3 ' case, 
however, the percentage of total selenium in the lead sulfide 
precipitate was less than the percentage of total sulfur. Some 
selenium remains in the humin b 3 ’’ acid h 3 ’drol 3 ’sis, as is the case 
with sulfur, but when strong acids are used to h 3 "drol 3 ’^ze the 
proteins the percentage of total selenium in the humin greatly 
exceeds that of sulfur (H 3 ^drol 3 'sates 15 and 16, Table II, and 
selenium in humin). The presence of a diselenide is indicated 
but most diselenides give more lead selenide in alkaline plumbite 
(Painter, 1939). One selenium ether and one seleninic acid gave 
considerable lead selenide but seleninic acids also cleave in alkali 
to give selenite. 

Recently Horn and Jones (1940) reported the isolation of a cr 3 's- 
talline selenium compound from a plant source. Their product 
contains amino nitrogen and sulfur. The structure suggested 
b 3 ' the empirical formula is of additional interest, because no 
analogous t 3 T 3 e of amino acid has been isolated. The 3 ’ report 
that the selenium in their compound is surprising^' stable, but 
not enough properties are given to show any relationship between 
their compound and the present work. 
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EXPERIMENTAL 

The wheat glutens were obtained by salting-out crude wet 
gluten dispersed in 0.075 n acetic acid by the method previously 
described (Franke and Painter, 1936). The other proteins were 
extracted from finely ground grain with 0.2 per cent sodium 
hydroxide. After the protein solution had passed through a 
Sharpies supercentrifuge, the protein was precipitated by neutral- 
ization. All analyses are reported on air-dried products. 

The protein hydrolysate of the wheat gluten was obtained by 
sulfuric acid hydrolysis. The sulfuric acid was removed by 
barium hydroxide and the hydrolysate dried and kept in a 
desiccator. 


Table IV 

Determination of Sulfur in Lead Sulfide 


Sourco of PbS 

Sulfur 

Parr bomb method 

Bromine-chlorate 

oxidation 


per cent 

per cent 

Protein hydrolysate 

3.33 

3.32 

ff a 

1.90 

1.80 

Galena ore* 

12.29 

12.37 


* In the determination of sulfur on this sample by the method of Zahnd 
and Clarke it was necessary to add ammonium acetate to prevent the 
precipitation of lead sulfate. 


In the hydrolysis of proteins, 1 gm. of protein was added to 20 
ml. of sodium or calcium hydroxide solution or to 25 ml. of barium' 
hydroxide solution. To insure an excess of lead, 1 gm. of lead 
oxide was allowed for every 10 gm. of protein. When stannous 
chloride was used, 1 gm. was added for every 25 gm. of protein, 
except when the procedure of Zahnd and Clarke (1933) was 
followed. Hydrolysis of wheat gluten with 7.6 per cent barium 
hydroxide indicated that approximately 50 hours boiling were 
necessary before the biuret test tvas negative. With 6.5 per cent 
calcium hydroxide, approximately 56 hours were necessary to 
hydrolyze the protein completely. 

Usually 10 to 50 gm. of protein material were hydrolyzed be- 
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cause of a number of analj'ses to be made on each hydrolysate. 
After hydrolj'sis was complete, the materials were cooled, filtered 
bj' suction through a Buchner funnel, and made up to volume. 
The lead sulfide and other insoluble material were washed, dried, 
and weighed. 

The use of the Parr bomb to determine sulfur in lead sulfide 
appeared more rapid than methods described. To check this 
method determinations were made on three samples with the 
bromine-chlorate method of Zahnd and Clarke (1933) and the 
Parr bomb method. The two samples of lead sulfide from protein 
hydrolysates have low sulfur values, because most of the weight 
was undissolved alkali. As high as 12 per cent sulfur has been 
obtained in lead sulfide formed from a protein in alkaline plumbite. 

A sample of the h3'drolysate equivalent to 0.5 gm. of protein 
material was pipetted into an evaporating dish, neutralized, and 
dried. Sulfur was then determined bj' the Parr bomb method. 

All selenium determinations were made by the method of 
Robinson et al. (1934). 


SUMMARY 

Several seleniferous proteins and acid hj^drolysates of selenif- 
erous proteins have been hj'droh'zed in alkaline solutions. The 
amoimt of selenium cleaved and recovered as inorganic seleniiun 
has been determined. T^Tien hj’^drol3"sis was carried out in the 
presence of alkaline plumbite, some selenium (probabl3' as lead 
selenide) was in the lead sulfide. The selenium and sulfur dis- 
tribution in the lead sulfide and h3’drol3'sate was determined. 
If quantitative recoveries of cleaved selenium were obtained, 
the percentage of "labile selenium” was less than the percentage 
of "labile sulfur.” It appears that the organic selenium com- 
pounds in proteins and in acid h5'drol3'sates of proteins are more 
stable in basic solutions than are the sulfur compounds. 

Selenium appears to be in essentiall3’^ the same forms in the acid 
h3"drol3’sates as in the original protein. 

Acid h3^drol3'sis of proteins results in a loss of labile sulfur but 
the loss of ‘labile selenium” exceeds the loss of “labile sulfur.” 

The destructive action of three alkaline solutions on C3'stine 
in proteins was in the order Ca(OH)2 > Ba(OH): > NaOH. 
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CHEMICAL AND METABOLIC STUDIES ON PHENYL- 
ALANINE 


in. THE AMINO ACID CONTENT OF TISSUE PROTEINS OF NORMAL 
AND PHENYLPYRUVIC OLIGOPHRENIC INDmDUALS. A NOTE 
ON THE ESTIMATION OF PHENYLALANINE* 

By RICH.ARD .1. BLOCK, GEORGE A. JERVIS, DI.ANA BOLLING, 
AND MERRILL WEBB 

{From the Department of Biochemistry, Nem York State Psychiatric Institute 
and Hospital, New York, and the Research Department, 
Letchworth Village, Thiells, New York) 

(Received for publication, March 2, 1940) 

The observation that the body fluids of phenylp3rru\ic individ- 
uals contain an abnormally large quantity of phenylalanine 
indicated that this disease was associated with an error in phenyl- 
alanine metabolism (1). Subsequently it was obseiwed that 
fractional precipitation of the serum proteins with phosphate 
buffer of varjdng concentrations indicated a possible difference 
in the protein composition of normal and phenylp3-ruvic sera.^ 
In the light of these obser\'ations, it was deemed adnsable to 
investigate the amino acid composition, especiall}' that of phenjd- 
alanine, of some tissue proteins prepared from phen3dpj'ruvic 
oligophrenic and from normal persons. Therefore, brain, liver, 
kidne3", and blood proteins were anah'zed for nitrogen, sulfur, 
histidine, arginine, h'sine, C3'stine, tAwosine, tnqjtophane, threo- 
nine, and phen3’-lalanine. 


EXPERIMENTAL 

Eslimalion of Phenylalanine — In \dew of the importance of 
estimating as accuratel3' as possible the proportion of phen3'lala- 
nine present in the proteins, h3'drol3'ses with various reagents were 

* This investigation was aided b 3 ' a grant from Child Neurology Re- 
search (Friedsam Foundation). 

* Kondritzer, A. A., unpublished experiments. 
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carried out: 100 mg. portions of protein were heated under a 
reflux at 125° in an oil bath with 8 N sulfuric acid, 20 per cent 
hydrochloric acid-concentrated formic acid 1:1, concentrated 
hydriodic acid, 18 to 20 per cent hydrochloric acid, and 5 n sodium 
hydroxide. The time of heating was 2 hours. Phenylalanine 
was determined by the colorimetric method described recently 
(1, 2). The results of a few such experiments are given in Table I. 

It will be seen that without exception the highest values were 
obtained after alkaline hydrolysis. However, the majority of 
phenylalanine estimations reported in Table II were made on 
hydrolysates prepared by heating with 8 n sulfuric acid overnight. 
Inspection of Table I shows that, although considerable variations 
in the percentages of phenylalanine were found by different 
methods of hydrolysis, a comparative analysis of normal and 
phenylpyruvic sera by any of the methods employed is capable 
of yielding significant results with the possible exception of 
hydrochloric acid-formic acid hydrolysis. 

Recovery of Added Phenylalanine — Previous experiments (1, 2) 
indicate that all of the phenylalanine added to a protein hydroly- 
sate is recovered by the o-dinitrobenzene method. However, this 
does not indicate how much of the amino acid is destroyed during 
hydrolysis. In an effort to obtain information of this nature, the 
following experiments were carried out. 200 mg. portions of 
gelatin or the same quantity of protein together with added 
phenylalanine was hydrolyzed with 8 n H2SO4, HCl-HCOOH, 20 
per cent HCl, and 5 N NaOH as described above. The results of 
a few of these experiments, which are summarized in Table III, 
appear to confirm the superiority of alkaline hydrolysis. 

Amino Add Composition of Some Proteins Prepared from Tissues 
of Normal and Phenylpyruvic Oligophrenic Individuals — ^Blood 
was drawn from fasting normal and phenylpyruvic humans. 
The serum was removed by centrifugation and the proteins were 
isolated by heat coagulation or by precipitation with acetone. 
The lipids were extracted with hot alcohol, benzene, and ether 
and the white powdery proteins wei’e dried at 110°. Proteins 
of the erythrocytes were extracted with organic solvents and 
dried in the same way. The serum proteins from twenty-nine 
normal and twenty-one oligophrenic individuals were used for 
nitrogen and phenylalanine estimations. The other amino acids 
reported in Table II were estimated on pooled specimens. The 
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values for iiomial serum are average figures from previous studies 
except in the cases of nitrogen and of phenylalanine. 

Table I 

Phenylalanine Found on Hydrolysis of Proteins by Various Reagents 


Hydrolyzing egent 



HsSOi 

HCI-HCOOH 

HI 

HCI 

NaOH 


per cent 

per cent 

per cent 

percent 

per cent 

Casein 

3.9 (3) 

4.9 (3) 

4.3 (3) 

5.0 (3) 

5.8 (6) 

Egg albumin 

5.2 (3) 

5.9 (3) 

5.4 (3) 

5.4 (3) 

6.8 (6) 

Lactalbumin 

4.0 (4) 

2.9 (3) 

3.9 (3) 

3.6 (3) 

4.8 (6) 

Gelatin 

2.1 (12) 

2.0 (12) 

1.3 (12) 

2.1 (12) 

2.6 (12) 

Normal serum 

5.0 (30) 

6.1 (3) 

4.9 (3) 


7.0 (6) 

Phenylpyruvic 
serum 

5.3 (31) 

5.3 (3) 

4.9 (3) 

5.4 (6) 

7.1 (6) 


The values in parentheses indicate the number of experiments. 


Table II 

Amino Acid Composition of Some Proteins of Normal and Phenylpyruvic 
Oligophrenic Individuals 


Protein 






Tjto- 

eine 

Trj-P- 

to- 

phane 

Tlueo- 

nine 

Phen- 

ylala- 

nine 





per 

per 


per 

per 

per 





cent 

cent 


cent 

cent 

cent 

Normal serum* 

14.9 

2.4 

4.5 

7.0 

3.6 

4.1 

0.4 

5.8 

5.0 

Phenyl pjTuvicf oligo- 
phrenia, serum 

14.9 

2.1 

4.4 

6.2 

3.1 

4.3 

0.4 

5.6 

5.3 

Normal, red cells 

16.1 

6.1 

2.6 

6.2 

■HIM 

6.5 

1.2 

5.7 

8.5 

PhenylpjTuvic, red 
cells 

15.5 

5.6 

2.5 

5.8 

1.0 

5.8 


5.2 

7.2 

Normal, brain 

14.1 

1.9 

5.1 

5.2 

1.5 

3.6 

0.6 

5.1 

6.0 

Phenylpyruvic, brain. 

14.3 

1.9 

5.4 

5.3 

1.5 

3.4 

0.6 

5.4 

5.7 

Normal, liver 

13.6 

2.3 

4.2 

5.7 

1.4 

2.9 

0.5 

4.9 

6.2 

Phenylp 3 Tuvic, liver.. 

13.7 

1.9 

4.0 

4.2 

1.4 

3.4 

0.7 

4.9 

5.3 

Normal, kidney 

13.3 

1.9 

4.5 

4.0 

1.3 

2.9 

0.6 

4.4 

5.2 

PhenylpjTUvic, kidney 

14.2 

1.9 

4.6 

4.3 

1.3 

2.8 

0.6 

4.3 

5.2 


* Sulfur, 1.46 per cent, 
t Sulfur, 1.44 per cent. 


The brain, liver, and kidnej’’ proteins were prepared from washed 
organs. These tissues were obtained at autopsj' from one phenyl- 
pyruvic patient, a female 19 j'ears of age. The normal tissue 
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proteins were similarly obtained from a female of approximately 
the same age and build as the patient. 

All analyses were carried out two or more times. Nitrogen 
was determined by the macro-Kjeldahl method, sulfur by the 
Parr bomb procedure, and the amino acids by the methods de- 
scribed previously (3, 4). 

The analytical results are summarized in Table II. The data 
do not show any significant differences in the amino acid composi- 
tion of normal and phenylpyruvic blood and tissue proteins. 
Statistical treatment of the results obtained after H 2 SO 4 hydrolysis 


Table III 

Recovery of Phenylalanine Added to 200 Mg. of Gelatin before Hydrolysis 


Hydrolyzing agent 

Phenylalanine 

added 

Phenylalanine 

recovered 

Reeovery 

1 


niff. 

per cent 

NaOH 

2.5 

4.9 

96 

(t 


2.5 

HCl 

<4 

2.5 

4.3 

2,0 

92 

HCOOH-HCl 

44 

2.5 

4.2 

1.9 

92 

H5SO4 

44 

2.5 

4.2 

2.1 

84 

HI 

2.5 

2.6 

52 

44 

1.3 


All analyses were carried out six or more times. 


of normal and oligophrenic serum proteins (by Dr. Joseph Zubin 
of the Psychology Department) indicates that these proteins do 
not differ significantly in phenylalanine content. 

01SCUSSION 

Westenbrink (5) in a recent review lecture says, “It will be 
clear that most proteins isolated from animal tissues are not 
characterized nearly sharply enough to provide an adequate 
material for investigations aiming at detecting physical or chemi- 
cal differences between corresponding proteins from different 
species. We must confine ourselves to the whole protein complex 
of a certain organ or to some protein which happens to be highly 
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independent of the method of preparation.” This statement is a 
concise summarj^ of the ideas which we have pursued in this and 
pre\'ious investigations in comparative biochemistrj' {cf. (6) and 
earlier papers). The studies on keratins and serum proteins 
(orosins) are examples of Westenbrink’s first class, while those 
on ci^'stalline hemoglobins are examples of the second group. 

Claims of differences in the composition of the same protein 
fractions among normal indi\'iduals of the same species or of 
purified proteins of normal and pathological indi\'iduals are 
still in a controversial state except in the case of the sulfur-con- 
taining amino acids. Roche (7) has claimed that the muscles of 
protein-stan'ed rats show an increase in the content of the mono- 
amino acids and a decrease in tr^^ptophane, tyrosine, and espe- 
cially of lysine. The experimental data offered in proof of this 
statement are inadequate. Dirr (8) reported that the ingestion 
of arg inin e by normal indi\'iduals results in an increase in the 
arginine content of the serum proteins within a short time. These 
findings have not been confirmed (9). On the other hand the 
experiments of H. B. Le^is (10, 11) have shown clearly that the 
sulfur and cystine content of hair can be changed by dietarj' means. 
Alving and iNIirskj' (12) have also reported differences in the 
cystine contents of normal and pathological serum protein frac- 
tions, while Yaler (13) has found differences in the sulfur content 
of crj'stalline hemoglobin prepared from different indi\-iduals of 
the same species. 

In %dew of the reports in the literature cited above, it is of 
interest that the data presented in this paper show that the rela- 
tive amounts of the nine or ten protein constituents determined 
are approximately the same in the blood, brain, liver, and kidney' 
proteins of normal and oligophrenic individuals. In the case of 
the serum proteins, these findings are in accord with the electro- 
phoretic (Tiselius) experiments of Dr. T. Shedlovsky and Dr. 
J. Scudder.- 


SUilMART 

1. Several proteins were hydrolyzed with 8 x sulfuric acid, 
hydrochloric acid, hydrochloric acid-formic acid, hj'driodic acid, 

’ Personal communication. 
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Phenylalanine. Ill 


and 5 n sodium hydroxide. The results show that hydrolysis 
with sodium hydroxide gives the highest values for phenylalanine. 

2. Proteins prepared from the sera, erythrocytes, brains, livers, 
and kidneys of normal and phenylpyruvic oligophrenic individuals 
were analyzed for their content of nitrogen, sulfur, histidine, 
arginine, lysine, cystine, tyrosine, tryptophane, threonine, and 
phenylalanine. 

3. No significant differences were found in the amino acid com- 
position of the proteins of the blood and tissues of normal and of 
phenylpyruvic oligophrenic persons. 
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But few observations have been reported in which the complete 
hydrolytic products of a protein were used for the regeneration 
of serum protein. Elman injected a casein digest intravenously 
in dogs after massive hemorrhage and observed slight increase 
in serum albumin after 6 and 24 hour periods (1). Over a period 
of years Whipple and coworkers have studied the effect of single 
amino acids on hemoglobin regeneration in their standard anemic 
dogs. A comprehensive sun'ey of their findings has just appeared 
(2). Singly, each of sixteen amino acids was effective in increas- 
ing hemoglobin production; but certain chemicals, namely iso- 
valeric acid, /3-hj"droxybutyric acid (or ester), glutaric acid, and 
even ribofla^’in (3), exerted the same effect. Their studies on 
dogs with lowered plasma protein (plasmapheresis) have resulted 
in the same tjTie of finding. Thus, a mixture of C 3 ^stine, glutamic 
acid, and glycine (4), or cj'stine alone (5), or other mixtures of 
amino acids containing cj'stine (6) resulted in large increases in 
serum protein when fed to dogs on a basal liver diet. Such find- 
ings raise in our minds the question of whether all such obseiwed 
changes, resulting from incomplete mixtures of amino acids or 
particular chemical substances, are not solelj- the effect of a chem- 
ical stimulation, or mobilization of protein from bodj* stores of 
protein, as distinguished from a new sjmthesis from the ingested 
protein materials. It was the object of this work to determine 
whether a digest of casein, consisting largeh' of amino acids, might 
promote as rapid growth and be as effective in the regeneration of 
serum protein as the unhj^drolj'zed protein. The experiments to 
be described indicate this was indeed the case. 
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Effect of Casein on Growth 


The nutritive value of specific proteins has been determined 
in a variet}'^ of ways; c. g., by the growth of experimental animals 
limited to the particular protein under investigation, by the 
amount required to maintain nitrogen equilibrium, and by the 
relative effectiveness in the regeneration of serum protein. Two 
methods are currently used to induce experimental hypopro- 
teinemia, plasmapheresis and subsistence on a low' protein diet. 
Plasmapheresis has been used largely by Whipple and Robscheit- 
Robbins (7) in their studies on both hemoglobin and serum pro- 
tein regeneration. During observation the experimental dogs 
subsisted on a standard salmon bread diet. A modification (8) 
consists similarly in plasmapheresis (with differences in technique) 
but subsistence is on a protein-free diet. 

The procedure of Weech and Goettsch (9) seems to us as some- 
what more physiological. Dogs are maintained for a period of 
3 weeks on a standard low protein diet. At the end of this period 
a drop in the level of albumin in the serum is noted. After a 
subsequent period of regeneration (with the protein and caloric 
intake constant) the increase in serum albumin is used as the 
index for assessing biological values. 

Weech and Goettsch have compared beef serum protein, egg 
white, beef chuck, beef liver, casein, and gelatin for their ability 
to effect replenishment of a low serum protein (10). Consider- 
able difference in effectiveness of the different proteins w’^as 
noted; they are listed above in decreasing order of effectiveness. 
The authors show there is a difference of slight significance be- 
tween serum protein and egg wRite, but that the differences be- 
tween the former and the other proteins are highl 3 ’' significant. 
By recalculation from data given by Whipple and his associates, 
they show that findings with the two techniques are identical so 
far as the order of efficiency of the six proteins is concerned. 

Rose (11) has summarized the cumulated experience with 
mixtures of amino acids, in their ability to support growth and 
maintain nitrogen equilibrium, in addition to his estimation of 
those acids essential and non-essential to the organism. 

EXPERIMENTAL 

To prepare the digest, casein was carefully washed to free it so 
far as possible from residual milk salts, lactose, and lactalbumin. 



Mueller, Kemmerer, Cox, and Barnes 


575 


It was then digested at optimum pH and temperature with fresh 
pancreas extract until the amino acid content showed no further 
increase. Enzymic action was stopped, and the filtrate de- 
colorized, concentrated, and spray-dried. After dTj-ing, the 
preparation contained 12.54 per cent total nitrogen and 7.41 
per cent amino nitrogen (Van Slyke). In a sample boiled with 
concentrated acid, the amino nitrogen was 10.51 per cent. Com- 
plete hj'drolysis bj' the enzjTne had not been attained but all 
protein tests were negative (save for a slight biuret reaction), and 
it was impossible to sensitize guinea pigs to the dissolved material, 
or to produce shock with it in those sensitized to skim milk.^ 
The preparation has been administered orally to infants as the 
sole source of nitrogen and positive nitrogen balances resulted 
(12). It has been injected intravenously in experimental dogs 
in large amounts without untoward effects,- although mild tem- 
perature reactions have sometimes been noted after its intravenous 
administration to infants (12). 

Growth of Rats — ^Ten rats, 21 da 3 "s of age, equallj* distributed as 
to sex and litter, were placed on each of eight diets containing 
5, 10, 15, and 20 per cent of \-itamin-free casein, or the casein 
hydrolj'sate, as the sole source of nitrogen save for the small 
amount contained in the brewers’ j'east. The composition of the 
diets with 5 per cent casein or digest was as follows: dextrin 77 
per cent, lard 9, salts (13) 4, cod liver oil 2, wheat germ oil 1, 
brewers’ j^east powder 2, thiamine chloride 0.0006, ribofla-vin 
0.0002. As the level of casein, or casein digest, was raised, the 
amount of dextrin was decreased proportionallj'. 

The rats were kept on wire screens, offered the diet ad libitum, 
and weighed weekl 3 ^ for 8 weeks. There was a slight difference 
in the nitrogen contributed b 3 ' the two supplements. The '^'ita- 
min-free casein contained 15.40 per cent total nitrogen and the 
casein digest 12.54 per cent. In spite of this difference, the two 
materials were incorporated in the diets in equal and parallel 
amounts. The average weight cur\’es are given in Fig. 1. The 
results are strictl 3 - comparable, because five male and five female 
litter mates were on each diet. At all levels of feeding the digest 

* We wish to express our appreciation to Dr. P. S. Prickett and Nor- 
man J. Miller of this laboratorj', for conducting these experiments. 

' Unpublished observations in this laboratory. 
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gave larger weight gains than the corresponding level of casein; 
thus the differences in average weight after 8 weeks on the diets 
were at 5 per cent 1.1 gm., at 10 per cent 10.8 gm., at 15 per cent 
30.8 gm., at 20 per cent 27.1 gm. The major portion of this 
superihr gain was due to the more rapid growth of the males 



DAY 

Fig. 1. Average growth curves of ten rats (equally distributed as to 
sex and litter) on each of eight diets containing the indicated percentage of 
casein or an enzymic digest of casein as the principal source of nitrogen. 

receiving the digest. The males fed 20 per cent casein gained 
6.3 per cent more weight than the females; on the digest they 
gained 23.2 per cent more; at 15 per cent intake comparable figures 
were 7.4 and 40.1 per cent; at 10 per cent intake, —2.8 and 10.2 
per cent; at 5 per cent, —33.3 and —26.4 per cent respectively.® 

® These differences merely indicate that the male uses a larger proportion 
of ingested nitrogen for growth than does the female. Similar observations 
have frequently been made (14). 
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The growth on 20 per cent casein and on 15 and 20 per cent of 
the digest was equal or superior to that obseiwed on the stock 
diet and on a purified diet adequate for reproduction (15). 

In a second series of rats weight records were supplemented 
■with measurement of food intake and the determination of the 
nitrogen and water content of the rat carcasses after 8 weeks on 
the experimental diets. Ten 21 das'-old stock rats, equally dis- 
tributed as to litter and se.\', on wire screens, were fed each t»f the 
two diets containing 15 per cent by weight of the nitrogenous 
component. ■* A record was made of the weight and food intake, 
and the latter corrected for any food spilled. After 8 weeks the 
rats were killed, decapitated, and the stomach and intestines 
removed. They were placed in individual, sealed, glass jam, 
cooked at 15 pounds of steam pressure for an hour, and then 
hashed in a meat grinder, with due precautions to get a uniform 
mixture. Total nitrogen and moisture were determined in 
triplicate. 

The summarized findings are given in Table I. In this series, 
also, the rats fed the digest of casein gained more weight than 
their litter mates on unhydrolyzed casein. In terms of nitrogen, 
the casein-fed rats gained 9.75 gm. (s.n, 0.77) per gm. of ingested 
nitrogen,® while the rats fed the digest gained 11.88 gm. (s.d. 1.21) 
per gm. of ingested nitrogen. There was no essential difference 
in the composition of growth in so far as the nitrogen and 
water content of the rat carcasses was concerned. The average 
N content of the casein-fed rats was 3.40 per cent; of the digest- 
fed, 3.34 per cent. The solids content was 38.36 and 39.08 
per cent, respectively. 

The average differences in weight for comparable groups at the 
end of the experimental period have been subjected to statistical 
analysis. For the 20, 15, and 10 per cent levels the probability' 
integrals® were 0.0598, 0.035," and 0.246, respectively. Prevalent 
usage demands that the probabilily integral be 0.05 or less before 

* The nitrogen content of the diet containing casein was 2.32 per cent; of 
the diet containing casein digest, 1.98 per cent. 

' We make no effort to distinguish between the nitrogen that might have 
been used for maintenance and that used for growth. 

• From tables of t given by Fisher (16). 

^ With both series of rats fed the 15 per cent level of casein or casein 
digest (t.e., forty rats). 
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a significant difference can be assumed; to be highly significant 
the integral should be less than 0.01. Only one of the differences 
above (at the 15 per cent level) is less than 0.05. It is not pos- 
sible to decide solely from growth during an 8 week period the 
relative nutritive value of two substances. However, the sup- 

Table I 


Food Intake, Weight Gain, and Carcass Composition of Rats Fed Either IB 
Per Cent Casein or Casein Digest yls Sole Source of Nitrogen 

for 8 IPccArs 


Rat No. 
and sKC 

N source 

Initial 

weight 

Gain per 
day for 

8 wks. 

Total 

food 

intake 

Gain per 
gm. N 
ingested 

Per cent 
N in wet 
carcass 

Per cent 
solids 

81 9 

Casein 

gm, 

52 

gm, 

2.00 

gm, 

686 

gm. 

8.22 

3.40 

40.54 

82 9 

H 

44 

2.36 

573 

9.92 

3.42 

39.91 

83 9 

tt 

47 

1.79 

459 

9.38 

3.38 

40.33 

84 9 

tt 

49 

1.93 

467 

9.95 

3.15 

36.70 

85 9 

tt 

52 

1.93 

510 

9.12 

3.34 

40.26 

86 S' 


47 

2.14 

490 

10.55 

3.54 

39.68 

87 S' 

tt 

53 

1.86 

443 

10.10 

3.41 

36.91 

88 S 

It 

47 

2.46 

611 

9.73 

3.50 

35.96 

89 S 


51 

1.93 

488 

9.53 

3.40 

36.60 

90 S 

tt 

57 

3.02 

661 

11.01 

3.46 

36.66 

91 9 

Digest 

50 

2.16 

527 

11.58 

3.27 

39.11 

92 9 

It 

43 

1.62 

444 

10.35 

3.21 

40.11 

93 9 

tt 

48 

2.04 

475 

12.11 

3.15 

39.07 

94 9 

It 

48 

2.34 

524 

12.63 

3.14 

37.85 

95 9 

“ 

54 

1.89 

563 

9.50 

3.34 

36.56 

96 S 

tt 

46 

2.61 

647 

11.39 

3.89 

40.47 

97 S 

tt 

49 

1.55 

361 

12.15 

3.58 

36.30 

98 S 

tt 

45 

3.20 

613 

12.75 

3.03 

39.79 

99 S 

tt 

50 

2.37 

500 

13.43 

3.27 

39.03 

100 S 

tt 

57 

3.27 

716 

12.91 

3.47 

42.49 

Average for casein... 

50 

2.14 

529 

9.75 

3.40 

38.36 

tt 

“ digest... 

49 

2.31 

537 

11.88 

3.34 

39.08 


plementation of such figures with the finding that per gm. of 
nitrogen ingested the digest of casein gave considerably more 
growth than did casein itself strengthens the thought that the 
digest is nutritionally superior to the unhydrolyzed casein. 

Serum Protein Regeneration — ^The basal nitrogen-low diet and 
the technique used throughout were those described by Weech 
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and Goettsch ( 9 , 10). Three groups of dogs were made hj'po- 
proteinemic by feeding them the low proetin diet for 3 weeks; 
they were then fed supplements of either casein or casein digest 
for a regeneration period of 1 week. During the regeneration 
period each dog was fed daily 53.4 gm. per kilo of the basal diet. 
The control group received in addition that amount of casein 
(13.66 per cent N) required for a protein intake (N X 6.25) of 

2.5 gm. per kilo of body weight. The protein content of the basal 
diet is given by Weech and Goettsch as 0.854 per cent,® so that 
0.45 gm. of protein per kilo was furnished bj^ the basal diet and 

2.05 gm. per kilo were supplied by the casein. The weight of 
casein to supply this amount of protein was 2.40 gm. per kilo. 
The caloric intake was 80 calories per Idlo of body weight. 

The first experimental group received the casein digest (with- 
out regard to the nitrogen content) at a level calculated on the 
probablj-- erroneous assumption that except for the moisture (3.7 
per cent) and ash (4.5 per cent) the digest consisted solely of the 
hydrolytic products of pure protein. On this basis the supple- 
ment consisted of 2.23 gm. of hydrolyzed casein per kilo. In the 
second experimental group, feeding' was based solely on equiva- 
lence in nitrogen intake. As the controls had received 0.327 
gm. of nitrogen per Idlo from the casein supplement, this group 
of dogs received a like amount of nitrogen from hj’drolyzed 
casein, or 2.61 gm. of the supplement per kilo. 

Total serum nitrogen and serum albumin were determined in 
duplicate on blood taken at the beginning, at the end of 3 weeks 
depletion, and after 1 week of regeneration. All nitrogen deter- 
minations were by the micro-Kjeldahl procedure. Non-protein 
nitrogen and amino nitrogen determinations were run on most of 
the samples but no significant change in any of these values was 
obseivmd. 

The essential data are presented in Table II. The assay values 
were calculated by adding a constant, 0.15, to the figures repre- 
senting the gains in albumin in gm. per 100 cc. The magnitude 
of this constant was determined e.xperimentally bj’’ Weech and 
Goettsch to compensate for the fall in albmnin that would be 

• The average protein content of twenty-five batches of the basal diet 
as made in this laboratorj- was 0.638 ± 0.011 per cent. -Actually, the basal 
diet contributed 0.34 gm. of protein per kilo. 
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Table II 


Assays of Casein and Casein Digest for Albumin Formation 


Dog No. 

! Sorum albumin per 100 cc. plasma 

Assay value 

Initial 

1 

Depletion j 

Regenera- 

tion 

Loss 

Gain 

Casein, 2.4 gm. = 0.327 gm. nitrogen ^ 2.5 gm. total protein per kilo 

body weight 



gm. 

Om, 

gm. 




9 

3.60 i 

1.88 

2.43 



0.70 

5 

4.11 

3.22 

3.75 



0.68 

8 

3.41 

1.96 

2.40 


0.44 

0.59 

7 

3.96 

2.15 

2.44 


0.29 

0.44 

4 

3.82 

2.87 

3.16 

0.95 

0.29 

0.44 

6 

3.61 

2.69 

2.93 

■ 0.92 

0.24 

0.39 

2 

4.22 

3.07 

3.30 

1.15 

0.23 

0.38 

3 

3.09 

2.39 

2.58 

0.70 

0.19 

0.34 

1 

4.07 

3.05 

3.22 

1.02 

0.17 

0.32 

Potejie.v vnl\ip. 

0.476 db 0.032 







Casein digest, 2.23 gm 

. — 0.279 gm. nitrogen per kilo body weight 

1 

3.03 

2.44 

2.95 

0.59 

■SI 

0.66 


3.72 

3.11 

3.53 

0.61 


0.57 


3.38 

2.68 

3.02 

0.70 

■m 

0.49 


3.40 

2.51 

2.78 

0.89 

0.27 

0.42 


3.46 

2.61 

2.82 

0.85 

0.21 

0.36 


3.42 

2.43 

2.61 

0.99 

0.18 

0.33 

9 1 

3.64 

2.72 

2.84 

0.92 

0.12 

0.27 

6 

3.80 

2.92 

3.04 

0.88 

0.12 

0.27 

7 

3.52 

2.44 

2.51 

1.08 

0.07 

0.22 

8 

3.82 

1 

2.06 

2.12 

1.76 

0.06 

0.21 

Potency value 

0.380 ± 0.032 

Casein digest, 2.61 gm. = 0.327 gm. nitrogen per kilo body weight 

14 

3.07 

1.72 

2.18 

1.35 

0.46 

0.61 

12 

3.69 

2.77 

3.02 

0.92 

0.25 

0.40 

13 

3.18 

2.12 

2.36 

1.06 

0.24 

0.39 

mm 

3.40 

2.02 

2.25 

1.38 

0.23 

0.38 


3.44 

2.18 

2.38 

1.26 

0.20 

0.35 

msm 

3.78 

2.23 

2.36 

1.55 

0.13 

0.28 

8 

3.78 

2.18 

2.31 

1.60 

0.13 

0.28 

16 

3.44 

2.41 

2.52 

1.03 

0.11 

0.26 

15 I 

3.08 

1.90 

1.85 

1.18 

-0.05 

0.10 


0.339 ± 0.031 


Potency value 
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expected during a 4th week of depletion in the absence of the 
casein supplement. The potency values are the averages of the 
assay values in each group. 

The potencj' value for casein was slightlj* higher than for the 
casein digest: for casein, 0.476 ± 0.032,® and for the two series 
with the casein digest, 0.380 ± 0.032, and 0.339 ± 0.031. 

The differences are small and statisticallj'- unreliable, as can 
be seen from the estimates (probability integral) of the signifi- 
cance of the difference in potency value between casein and each 
series of the digests. 



Difference in 
potency r^ues 

Probability 

integral 


0.096 

If 

“ " (higher " ) " " 

0.137 

■H 



Since the probabilitj’ integral in neither series is less than 0.05, 
it is necessary to conclude that there is no important difference 
in the regeneration of serum protein as effected by casein or a 
casein digest. 


msctrssioN 

Published observations on protein digests have usually sho^m 
that such materials constitute adequate sources of nitrogen for 
growing animals, pro\dded there is a deficiency of none of the 
essential amino acids and all toxic by-products of protein hydrol- 
ysis are absent. These conclusions can be confirmed from the 
work reported here. Technical perfection of a method to pro- 
duce adequate quantities of a satisfactoi^^ digest was an essential 
part of the experiment, as the laboraton' scale procedures usuallj* 
employed are difficult to duplicate in successive trials, and usually 
yield materials of varying purity'. By making a large amount 
of the digest it was possible to use the same material in different 
experiments without limitation because of inadequate supplies. 

Observations on rats showed the digest was at least equal to 
the unhydrolyzed casein. The results suggest that it was su- 
perior. At four levels of intake, the average weight gain of the 


’Probable error calculated as \/xd'/(N — 1) X 0.6745/ 
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digest-fed animals was greater than that of the casein-fed rats; 
and measurement of food intake at the 15 per cent intake level 
showed that per gm. of ingested nitrogen the digest gave larger 
gains in body weight than the unh 3 ’’drolyzed casein. Analj^sis 
of the rat carcasses after 8 weeks on the experimental diets showed 
no important difference in total nitrogen or water content of the 
two groups. Thus the digest was fully available for metabolic 
purposes, and was as efficiently used as unhydrolyzed casein. 

Serum protein regeneration is regarded as a fairlj'^ accurate 
index of the nutritional value of different proteins. We were 
unable to find any statistical difference in the effect of casein and 
casein digest in this regard. On the other hand, observations 
have been reported by Whipple and coworkers (2-7) that lacto- 
flavin, isovaleric acid, and single amino acids result in serum pro- 
tein or hemoglobin regeneration. The procedure we have em- 
plojmd, nameb’’ subsistence on a low protein diet and 1 week’s 
regeneration, results in different potency values for different 
proteins (10) but observations on the effect of single amino acids 
or other chemicals have not been made. It is essential to know 
whether such materials, under the conditions of the experiment, 
will show protein regeneration. If they do, various modifications 
in the experimental procedure may have to be made. Such 
studies are now under way. 


SUMMARY 

1. The growth of 50 rats on four levels of casein has been com- 
jDared with the gron^th of 50 litter mates fed identical levels of an 
enz 3 TOic digest of casein as the principal source of nitrogen. Food 
intake records showed that per gm. of nitrogen ingested casein 
gave 9.75 gm. gain in weight, whereas on the same basis the 
enzymic digest of casein gave 11.9 gm. gain in weight. The 
nitrogen and water content of the I'at carcasses in the two groups 
was essentially the same. It was evident in all comparisons that 
the digest of casein was nutritionally equal or superior to casein 
itself. 

2. The same two materials were used as supplements to effect 
regeneration of low serum protein induced in dogs by subsistence 
on a low protein diet. The avei'age potency value obtained for 
the digest of casein was slightl}’’ lower than that for the casein 
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itself, but statistical analysis of the obsen'ed average differences 
indicates equality for the two substances in the regeneration of 
serum protein. 

We wish to express our indebtedness to Dr. A. A. Weech for 
his assistance in the statistical interpretations. 
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THE APPEARANCE OE RADIOACTIVE IRON AS 
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(Received for publication, April 18, 1940) 

It tvas pointed out recently that radioactive iron* could be 
demonstrated in the circulating red blood cells in a remarkabl}' 
short time follovring feeding of the material to an anemic dog (6). 
Before ive can be sure that it is present as hemoglobin iron and not 
in some precursor of the pigment, it must be demonstrated in the 
hemoglobin molecule. Routinely it would hardlj' be practicable 
to crystallize hemoglobin from all blood samples being studied, so 
several experiments were undertaken to determine the relation 
between the radioactive iron of hemoglobin and that of the red 
blood cell. 

Man}' investigators now recognize a small fraction of the red 
cell total iron as non-hemoglobin iron. Barkan (2, 3) has exten- 
sively studied the so called “easily split” fractions of red cell iron. 
In order to convince ourselves that the iron appearing in the blood 
stream shortly after feeding is not in either of these fractions, these 
experiments were an essential step in our investigations of the 
iron isotope. 

Methods 

Routine care of these anemic dogs has been described elsewhere 
in detail as well as methods for the determination of radioactivitj' 

* Lilly Fellow in Pathology. 

* We are deeply indebted to Professor E. O. Lawrence and members of 
the Radiation Laboratory of the University of California for the radioactive 
iron used in these experiments, and in particular to Dr. M. D. Kamen who 
was directlj' responsible for preparing the isotope. 
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(1, 4-7). Tlie radioactive iron used was prepared by the method 
described bj’’ Wilson and Kamen (13) at the Radiation Laboratory 
of the Universit}'’ of California. 

Blood was drawn in isotonic .sodium o.valatc into 15 ml. cen- 
trifuge tubes, duplicate samples being taken in each instance. 
Wien there was activity in the plasma fraction, the cells were 
washed four times in saline and one of the samples of red cells 
wet-ashed with sulfuric and perchloric acids for subsequent deter- 
mination of radioactivit 3 ^ The duplicate sample, if being used 
for cr^'^stallization of the hemoglobin, was always washed four 
times with saline. Ciystalline hemoglobin was then obtained by 
treating these cells according to the procedure of Welker and Wil- 
liamson (12). The ciystals were sucked as dr}'- as possible on the 
filter and the drying completed in a desiccator containing concen- 
trated sulfuric acid. The diy crystals were carefullj'- removed 
from the filter paper, weighed, and transferred quantitatively 
to a digestion flask. From here on the procedure is identical with 
that used in preparing other material containing radioactive iron 
for counting. 

The determinations of the radioactivity of the easily split iron 
fractions were carried out following treatment of washed red cells 
with an equal volume of acid (0.2 n hydrochloric, 0.2 N sulfuric, 
or 0.4 N sulfuric) in cellophane sacs according to the method as 
used by Moore (10). 

Frequent hemoglobin determinations were carried out on the 
blood of these animals. From this and hematocrit readings, we 
are able to calculate the hemoglobin content of the red cells taken 
for crystallization. Knowing the weight of the hemoglobin erj's- 
tals obtained and the amount of pigment from which they were 
derived, one can determine the yield of the procedure. Activity 
measurements of the crj'stalline material were then made after 
ashing and precipitation of the iron (4-7) and compared with the 
activity of the duplicate samples of red cells taken simultaneously, 
the latter being multiplied bj'- the per cent yield of crj'stallization. 
In general the agreement was found to be fairlj' close (Table I). 
The values for a sample taken 5 hours after feeding show a wide 
discrepancy in one instance. This is explainable on a basis of the 
inaccuracy of measurement when the activity of samples is so 
near the “dark count.’' 
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The accuracj' of measurement of the easil}' split fraction suffers 
somewhat because of the fact that only a small part of the total 
blood iron appears in the dialysate, and, if the total acti^dt}' of the 
blood sample used is low, the accuracy of measurement of this 
fraction suffers accordingly. In such cases the accuracj' probablj' 
is of the order obtained in chemical measurement of this small 
fraction, but not comparable with that usuallj' possible in radio- 
active measurement. 


EXPERIMEN'TAi 

In Table I are presented the essential data relating to the hemo- 
globin crj’stallization experiments. It is true that the crystals 

Table I 


Radioactive Iron in Crysialline Hemoglobin 


Dog No- 

Time after 
feeding | 

1 Actiritj* in ! 

! red ceils u?ed | 

Yield of i 
crj-atalline j 
hemoglobin | 

t 

Calculated ' 
activity in 
crystals 1 

1 Observed 

1 a^vit>' in 

1 crystals 


dayt 

counts per 
min. 

per cent i 

counts per 
min. 

[ counlt per 
min. 

38-112 

10 

83.0 ; 

38 

31.7 

33.3 

37-202 

1 

13.2 

29 

3.8 

3.9 


5 

42 1 

33 

14 

15 

1 

7 

36 1 

25 i 

8.9 

i 11.0 

37-202 

0.2 

0.8 i 

31 

0.3 

1 0.7 


1 1 

3.4 

31 } 

1.2 

1.2 

37-227 

0.2 

1.6 

34 

0.6 

i 


1 

8.3 ‘ 

26 

2.1 

2.1 


obtained are not isoelectric hemoglobin, but the possibilitj' of the 
radioactive iron being carried through the procedures and de- 
posited quantitatively with the cij'stals as a salt or adsorption 
complex seems quite remote. This possibilitj' will be considered 
again when we discuss the significance of the findings with the 
easilj' split fraction. 

The values obtained for the easilj' split fraction of the red cells 
are in general agreement with those reported in the hterature as 
regards magnitude. We must remember, however, that the 
radioactive iron in the blood in most instances is of recent origin 
in the red cell and these values are reported as the fraction of the 
total red cell radioiron foimd in this fraction and not the fraction 
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of the total cell iron. The time interv'als following feeding at 
wlncli tliese samples were collected were purposely varied and the 
samples were taken at chosen times when a variety of changes 
were taking place. The results may be seen in Table II. 


Table II 


Easily Split Fraction of Fed Flood Cell Radioactive Iron 


Iron split ofl by 

Dog No. 

Iron 

dosngo 

Route of 
ndministrntion 

Timo 
nftcr 
odminis- 
trntion 
of rndio- 
nclivo 
iron 

Time 
after Inst* 
phonyl- 
hydrazine 
injection 

Per cent 
of total 
red blood 
Cell radio- 
notivo 
iron as 
easily 
split 



mg. 


daps 

daps 


0.1 N h3'dro- 

38-112 

122 

Intravenous 

7 


3 

chloric acid 




13 


7 






0 

20 






4 

10 

0.1 N sulfuric 

38-146 

17 

Gavage 

7 


12 

acid 

38-182 

160 

Intraperitoneal 

1 


21 





6 


10 





8 



0,2 N sulfuric 

37-202 

4.9 

Gavage 

1 



acid 




2 







5 


^b^H 









38-182 

166 

Intravenous 








10 







12 








-1 

16 






3 

23 






7 

15 


37-202 

58 

Gavage 



14 







6 







7 


* Acetylphenylhydrazine in series of five injections was administered 
subcutaneously to destroy the red blood cells. Time in days indicates the 
lapse of time between the last injection of the drug and the time of 
sampling. 


DISCUSSION 

It is apparent that the radioactive iron in the red cell is nearly 
quantitative^'’ present in the hemoglobin crystals obtained from 
the cells. If it were present as non-hemoglobin iron but combined 
with stroma proteins, it would have been precipitated in whole or 
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for the most part by the aluminum cream used in the crv'stalJiza- 
tion procedure. If it were in the form of a salt and carried down 
with the crj'stals, samples inspected for their easily split fraction 
taken at similar times would in all likelihood have shown nearly 
100 per cent of their radioactive iron in the latter fraction, since 
the acid used in that procedure would almost certainlj’- have 
enabled the iron to dialj'ze through the cellophane. 

It has been suggested bj" Barkan and Schales (3) that the easily 
split fraction probably derives from pseudohemoglobin accom- 
panying the formation of bile pigment, the iron and the verdo- 
hemochromogen (Lemberg (9)) being the split-products. Haw- 
kins and Whipple have shown (8) that bile pigments derive from 
red cells which have reached the end of their hfe span, from trau- 
matized cells, or from muscle hemoglobin, the amounts from each 
source not being exactl}’ known. They estimate that about 0.8 
per cent of the circulating red cells in the dog is broken down 
daily, giwng rise to bile pigment. The remainder of the bile 
pigment formed in the dog through the other sources would be less 
than this according to their figures. The radioactive iron appear- 
ing in the easily split fraction in the e.xperiments recorded in Table 
n was in everj' case present in new red cells and could therefore not 
be ascribed to breakdown due to aging of the cells. It would not 
be easy to conceive of the large amount of easily split radioactive 
iron demonstrated being the product of destruction of red cells 
by daily tramnatization, since the amount would be far in excess 
of the dail}^ breakdown as shown b 3 ’’ the combined two possible 
sources of red cell trauma and muscle hemoglobin. 

It is true that there is a suggestive increase in the easilj' split 
fraction foUomng administration of acet 3 'lphen 3 ’lh 3 'drazine, but 
we must remember that a considerable amount of iron is being 
liberated during these periods, as shown b 3 ^ the liberation of large 
quantities of bile pigment, and the increase in the fraction of easil 3 ^ 
split radioactive iron would not seem to be great enough to account 
for this. 

The easily split fraction of radioactive iron, which we know is 
present in very 3 'oung red cells, is of the same order of magnitude 
as the easil 3 ^ split fraction of total red cell iron as foimd b 3 ' Moore 
and his associates (10, 11)- 

These results do not substantiate the h 3 q)othesis of Barkan 
that the easily split fraction of red cell iron is associated with any 
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particular stage in the aging of the red cell. In fact, the evidence 
to date suggests that the casil 3 '- split fraction may very well be 
an artifact. 


SUMMARY 

Radioactive iron demonstrated in the circulating red blood cells 
following its feeding is shown to be combined in the form of hemo- 
globin bj’’ radioactivitj'’ measurements of the crystallized pigment. 

The radioactive element appears in the easily split fraction 
of the red cell radioiron in quantities ranging from 3 to 23 per 
cent of the red cell radioiron. 

There is no obvious relationship between the amount of the 
radioactive iron in the easilj'^ split fraction and the time following 
administration of the isotope. Just as much was present in the 
newly circulating red cells 24 hours after iron feeding as weeks 
later. 

There is some increase in the amount of radioactive iron in the 
easily split fraction following massive blood destruction due to 
acetylphenylh 5 ’’drazinc . 

It is suggested that the easil 3 '’ split fraction of red blood cell 
iron is an artifact. 
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THE ISOLATION OF a-DIHYDROTHEELIN FROM 
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(Received for publication, April 22, 19-10) 

The quantitative detennination of urinary estrogens is being 
appKed vddely as a research procedure in the studj' of normal and 
pathological conditions. Most investigators have limited their 
work to the estimation of total estrogenic potenej', although it 
has been known for some time that the urine of pregnant women 
contains at least two estrogenic compounds, theelin and theelol. 

Experiments upon rabbits by Pincus and Zahl (1937) indicated 
that theelin is converted to theelol by the action of progesterone 
upon the rabbit uterus. It appeared, therefore, that the separate 
determination of theelin and theelol in the urine of women mi gh t 
pro^dde a gage of progestin as well as estrogen metabolism, and a 
study (Smith, Smith, and Pincus, 1938) in which this procedure 
was carried out during a normal menstrual cycle and a pregnancy 
gave evidence in support of the supposition. Further studies 
(Smith and Smith, 1938, 1940) have confirmed this observation 
and have demonstrated that the separate determination of urinarj- 
estrogens 3 'ields much more information than maj' be gained bj' 
the determination of total estrogenic potencj" alone. 

In the interpretation of these data it becomes of importance to 
know whether or not anj' estrogens other than theelin and theelol 
are contributing significant!}' to the estrogenic potency of the 
separate fractions. Comparison of colorimetric with bioassay 

* The Mrs. William Lowell Putnam Investigation of the Toxemias of 
Pregnancy aided by grants from the Committee for Research in Problems 
of Sex of the National Research Council. 
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suggested the presence in the theclin fractions of late pregnancy 
urine of some estrogen other than theelin or theelol and much 
more estrogenically active in rats than either of them, possibly 
a-dihydrotheelin (Smitli, Smith, and Pincus, 1938). It was, 
moreover, discovered that semicarbazidc treatment of the theelin 
fractions of urine from both pregnant and non-pregnant wmmen 
failed to inactivate a large part of the estrogenic potency, 30 to 
60 per cent in most specimens. Investigation of the quantitative 
accuracy of the method (Cohen and Marrian, 1934) used for 
separating theelin from theelol involved recovery experiments in 
which crystalline estrogens were added to non-pregnancy urines 
of low estrogenic content (Smith, Smith, and Schiller, 1939). It 
was found that no appreciable amounts of added theelol were 
taken into the theelin fractions, indicating that the potency of 
theelin fractions after semicarbazidc treatment could be very 
little if at all attributable to theelol contamination. Further, 
a-dihydrotheelin added to urine was completely recovered in the 
theelin fraction. These results again suggested the presence of 
a-dihydrotheelin in human urine, accounting for the non-ketonic 
activity of theelin fractions. Only the ketonic activit}'’ of theelin 
fractions, therefore, was considered theelin, the rest being desig- 
nated X estrogen. 

If the so called x estrogen could be isolated and identified as 
a-dihydrp theelin, the above interpretatio-n of results would be 
considerably strengthened. In addition to the work in the Fear- 
ing Laboratory both Westerfeld and Huffman had worked on this 
problem because of interesting results that Westerfeld and Doisy 
obtained in 1937. 

Certain reports on the isolation of a-dihj’’drotheelin bear at least 
superficial evidence on the identity of x estrogen with a-dihydro- 
theelin. In 1935, MacCorquodale, Thayer, and Doisj'" isolated 
this compound from sow ovaries. Of course, species differences 
do .occur but in the absence of contradictory evidence it seems 
plausible to assume that the same compound is present in human 
ovaries. Owing to the difficulty of procuring sufficient human 
ovaries for examination, the investigation of this problem has not 
been completed but the estrogens of human placenta have been 
studied and a-dihydrotheelin isolated and characterized (Huffman, 
Thayer, and Doisy, 1940). Furthermore, the isolation of this 
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compound from pregnant marc urine bj' Wintersteiner and co- 
workers (1935) and the report of the large proportion of non- 
ketonic estrogen in that source bj' van Stolk and de Lenchere 
(1937) indicated that the examination of human urine for dihj'dro- 
theelin might be attended with success. 

Both laboratories were engaged in experiments designed to 
separate theelol and theelin from other estrogens of human urine 
at the time the Fearing group suggested to the St. Louis group 
that thej' would supply the partiall}' purified e.xtract for the isola- 
tion of X estrogen. 

At the outset of our attempt to isolate Q;-dih}'drotheelin from 
human pregnancj' urine, it became apparent that rather special- 
ized methods would have to be de^ed in order to separate this 
hormone from other non-ketonic estrogenic constituents (such as 
theelol) which might be present. It was at first tentatively pro- 
posed to approach the problem in this general fashion: (1) re- 
moval of ketones from the total phenolic extract of urine by means 
of carboxjTnethoxj-lamine; (2) protection of the phenolic hydroxjd 
in compounds of the remaining non-ketonic fraction by benzoyla- 
tion; (3) treatment of the benzoates of the non-ketones with lead 
tetraacetate imder such conditions that monocarbinols would not 
react but under which the 1,2-glycol, theelol, would be oxidized 
to a dialdehyde; the latter product could then be separated from 
other carbinols by means of a suitable reagent; (4) saponification 
of the remaining monobenzoates, recovery" of the free phenols, and 
ultimate isolation of the dih 3 ’-drotheelin as the di-a-naphthoate. 

It has been possible to realize e-\perimentallj" all of the above 
steps with the exception of the quantitative monobenzoylation 
of theelol. We have been unable to perform this step with micro 
quantities of theelol. 

We next tried to adapt to our problem the method used bj- 
Whitman, Wintersteiner, and Schwenk (1937) for the separation 
of a- and /5-dihydrotheelin. According to Wintersteiner (1937, a), 
theelol and /S-dihj'drotheelin give no precipitate with digitonin in 
80 per cent C 2 H 5 OH. Our adaptation of this procedure to the 
digitonin precipitation of micro quantities of dihj’drotheelin was 
actually' used at one stage of the isolation process reported in this 
paper. 
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Shortly after the experimentation mentioned above was com- 
pleted, the discoverj'- was made in the St, Louis laboratory by A. 
Mather that dihydrotheelin could be effectively separated- from 
theelol by partitioning between benzene and 0.3 M NajCOs. This 
discovery has, of course, greatly simplified our subsequent work.' 

It is felt, however, that certain phases of our preliminary e.\peri- 
mental work are of sufficient importance to warrant a brief dis- 
cussion in this report. 

Preliminary Experiments 

Reaction of Theelin with Carboxymethoxylamine — Although 
Westerfeld et al. (1938) had used Girard’s reagent successfully 
in the separation of theelin from non-ketonic material, Winter- 
steiner (1937, b) reported that carboxj’-methoxylamine was superior 
to this reagent in the removal of ketones from mare pregnancy 
urine extracts. 

The reaction of theelin with carbox 3 ’’methox 3 damine was first 
carried out according to the method of Anchel and Schoenheimer 
(1936) ; 15.2 mg. of theelin, 20 mg. of carboxymethoxylamine hydro- 
chloride, and 54 mg. of NaCoHaOj -31120 were dissolved in 4 cc. 
of 90 per cent C 2 H 6 OH and refluxed for 1 hour. The ideld of 
carboxymethoxime was 78 per cent of the theoretical. Another 
similar experiment also gave a 78 per cent yield. Other reactions 
with smaller quantities of theelin were conducted, and bioassay 
upon the ether fractions (containing theelin which had failed to 
react) uniforml 3 '' showed that this method did not give results 
which approached closely enough the quantitative to be suitable 
for our purposes. We, therefore, varied the procedure in several 
ways until an entirely satisfactor 3 '- method was found. 

A solution of 10.0 mg. of theelin, 24 mg. of carboxymethoxyla- 
mine hydrochloride, and 37 mg. of KC 2 H 3 O 2 in 4 cc. of 75 per cent 
n-propyl alcohol (aldehyde-free) was refluxed for 3 hours. The 
solution was transferred to a separatory funnel with 100 cc. of 3 

1 In the recent isolation of a-dihydrotheelin from human placenta (Huff- 
man, Thayer, and Doisy, 1940) the benzene-carbonate distribution was em- 
ployed successfully. It is likely that better results could have been ob- 
tained with the pregnancy urine had this method of separation been used. 
Actually at the time when we employed digitonin, Mather's research had not 
been completed. 
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per cent NaHCOj; the bicarbonate solution (which was water- 
clear) was extracted twice mth 100 cc, portions of ether, and the 
latter then washed with bicarbonate and with water. Assay of 
the ether showed that less than 1 per cent of the theelin had failed 
to react. In Table I, additional data are given which show the 
degree of conversion of theelin into the bicarbonate-soluble 
derivative. 

Theelin carboxjTnethoxime crj'stallizes from aqueous alcohol 
in beautiful white needles (m.p. 188°, uncorrected) which contain 
5 molecule of C2H5OH of crystallization. 

Microcomhuslion Analysis — CjoHnOiN qCjHsOH 

Calculated, C 68.81, H 7.70; found, C 69.01, H 7.74 

Table I 

Reaction oj Theelin with Carboxymelhoxylamine 

24 mg. of carboxymetboxylamine hydrochloride and 37 mg. of KCjHjOj 
were refluxed in 4 cc. of 75 per cent n-propyl alcohol. 


Theelin need | 

Tirne of refluxing I 

i 

\ i 

7 ! 

hrs. 

1 

jxrcen/ 

50.4 

3 

' 0.8 

98.4* 

230 

! 3 

1.0 

99.5 

298 

i ^ 

0.7 

j 99.8 


* The failure to obtain better than 99 per cent removal in this case was 
probably due to the fact that the n-propyl alcohol had not been freed of 
aldehydes. Aldehyde-free solvent was used in the other runs. 


Hydrolysis of Theelin Carboxymethoxime—A solution of 37.0 
mg. of theelin carbox5miethoxime (with | molecule of C2H5OH of 
crystallization) in 30 cc. of 1 n HCl -f- 30 cc. of 95 per cent 
CjHeOH was refluxed for 3 hours in a water bath with the tem- 
perature held at 85-90°. Most of the alcohol was then distilled, 
water added to increase the volume to 100 cc., and the theelin 
extracted vith 300 cc. of ether. The ether was washed once 
with 3 per cent NaHCOj and twice with H2O. Distillation of 
ether gave 24.4 mg. (theoretical 23.7 mg.). The crj'stalline 
material was treated with a small amount of norit and ciy'stallized 
from aqueous alcohol; j-ield 21.8 mg. (92 per cent) of theelin. 

Hydrolj’sis by this procedure of 8 micrograms of theelin carboxy- 


e 
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methoxime showed a quantitative recovery of theelin, as deter- 
mined by bioassay. 

Monohenzoylalion of Thcclol — ^As stated before, we were unable 
quantitatively to obtain monobenzoyl thcelol (C3 h 3 fdroxyl only), 
using micro quantities of thcelol. However, thcelol monobenzoate 
can be easilj'’ made bj'’ the ordinary'- Schotten-Baumann procedure. 



0 

Pb(0— C— CHali + 2HO— C— CHs 

11 11 

0 0 

It crystallizes from benzene in white platelets (m.p. 225°, un- 
corrected). 

Microcotnhustion Analysis — C26H280< 

Calculated, C 76.50, H 7.19; found, C 76.15, H 7.30 

Reaction of Theelol Monobenzoale with Lead Tetraacetate — Lead 
tetraacetate reacts with theelol monobenzoate as indicated in the 
equation. Under the conditions of these experiments more than 
the theoretical amount of lead tetraacetate reacted. However, 
the aldehydic nature of the product was demonstrated bj'' a posi- 
tive Schiff’s reaction and by the formation of a yellow h 3 '-drazone 
with phenylhydrazine. The reactive aldehyde group or groups 
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in the product make possible its complete removal from an ether 
solution by shaking vrith an aqueous solution of NaHSOs-NaiSOs, 
an experiment vhich 'vve have performed. 

Theelol monobenzoate was dissolved in a 0.1 n solution of 
Pb(Ac )4 in glacial acetic acid (redistilled from CrOj). The solu- 
tion was allowed to remain in a glass-stoppered flask at 20° or 30° 
for several hours and then the excess Pb(Ac )4 titrated in the man- 
ner described by Criegee (1931). Under these conditions a-di- 
hydrotheelin monobenzoate does not react. The results of tjqjical 
experiments are shown in Table II. 

Precipitation of a-Dihydrotheelin with Digitonin and Decomposi- 
tion of Resulting Digitonide — The method used follows the general 
outline of that given by Whitman, Wintersteiner, and Schwenk 


Table II 

Reaction of Theelol Monobenzoate with Lead Tetraacetate 



Hormone 

used 

1 Tempera* 
ture 

Time 

Fb(Ac)* 

used 


jn.eg. 

‘C. 

JiTi. 

m.eq. 

Theelol monobenzoate 

0.260 

30 

14 


it a 

0.245 

20 

20 


Dih 3 'drotheelin monobenzoate . . . 

0.105 

20 

20 

0.000 

(( (< 

0.097 

25 

18 

0.000 


(1937). A number of experiments were conducted to determine 
the modifications best suited to the most nearly complete precipi- 
tation of a-dihydrotheelin in quantities of the order of a few mg. 
An example of the most satisfactorj’" procedure is given as follows : 

In a centrifuge tube 9.0 mg. of a-dih 3 ^drotheelin and 80 mg. of 
digitonin (Merck) were dissolved with the aid of heat in 2.0 cc. 
of 80 per cent C2H5OH. The tube was stoppered tightlj^ and left 
at room temperature for 2 days and then centrifuged at 3000 
R.p.M. for 30 minutes, after which the alcohol was carefullj' drawn 
off with a capiUarj' pipette. A small stirring rod was used to stir 
up the digitonide thoroughlj’^ with 3 to 4 cc. of absolute ether, and 
then centrifugation and removal of the supernatant liquid were 
carried out as before. This washing procedure was repeated. 
Finallj- the digitonide was dried b 3 ^ being allowed to remain at 
room temperature overnight. 
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Tlic dried digitonide was dissolved in 0,5 cc. of dry pjmdinc and 
8 to 10 cc. of absolute ether graduallj'’ added. The suspended 
material was packed by centrifugation and the supernatant fluid 
drawn off. In order to remove the sterol as completely as possible 
from the digitonin, the proce.ss was repeated twice. The combined 
solutions from the decomposition of the digitonide were added to 
300 cc. of ether, and the ether washed once with 100 cc. of HCl 
(1:10) and five times with 50 cc. portions of water. All of the 
aqueous layers were combined, washed once with 100 cc. of ether, 
and the ether then washed three times with 50 cc. volumes of 
water. Combination of the two ether fractions and distillation 
to dryness gave a white product which after crystallization at a 
low temperature from a small volume of aqueous alcohol weighed 
7.0 mg. and melted sharply at 172° (uncorrected). Assay of the 
80 per cent CjHeOH and ether washings from the digitonide forma- 
tion showed that between 1.0 and 1.5 mg. of dihydrotheelin had 
escaped precipitation, indicating therefore that with 9 mg. the 
completeness of recovery through the digitonide was about 85 
per cent. 

Experimental Work on Human Pregnancy Urine^ 

Extraction of Estrogens from Unne — Urine from women during 
spontaneous labor and delivery^ was chosen for the source, since 
the highest values for x estrogen had been encountered in such 
specimens (Smith and Smith, 1940). HydroUsis (by boiling 
under a reflux for 10 minutes with 15 per cent concentrated 
hydrochloric acid) and extraction with ether were performed 
within 12 hours of the time of collection. This precaution Avas 
taken in order to avoid the possibility of conversion of urinary 
estrogens upon standing.^ Small batches of urine, 200 to 700 cc., 

2 The hydrolysis of urine and the Cohen-Marrian separation were per- 
formed at the Fearing Research Laboratory by Smith, Smith, and Schiller. 
The remainder of the work reported in this paper was carried out by the 
St. Louis group. 

5 We are much indebted to Dr. S. B. Kirkwood, who arranged for the 
collection and refrigeration of specimens at the Boston Lying-In Hospital. 

^ Zinc was not employed in any of the hydrolyses. It has been found 
that either addition of zinc during acid hydrolysis or putrefaction of urine 
results in an increased yield of estrogens due in part to conversion of theelin 
into some compound of greater estrogenic potency (Smith, Smith, and 
Schiller, 1939). 
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were handled at a time in order to get maximum recover}' and 
more quantitative separation. 

The weakly acidic phenols (theelin and x estrogen fraction) were 
separated from the strongl}- acidic phenols (theelol fraction), 
according to the method of Cohen and Marrian (1934). They 
were then partially purified by reextraction from toluene, accord- 
ing to the Cohen and jMarrian procedure, and stored in 95 per cent 
ethyl alcohol. Alcoholic solutions of the weakly acidic phenols 
from 38 liters of urine were combined and a small portion removed 
for bioassay before and after semicarbazide treatment. It was 
determined that the total extract contained 300,000 rat units of 
estrogenic substance, half of which represented non-ketonic (x 
estrogen) material. If the non-ketonic acti\'ity were entirely 
attributable to a:-dih3'drotheelin and the ketonic activit}* to 
theelin, it was calculated, according to the standardization values 
of the assay method used, that the extract contained 7.5 mg. of 
the former and 75 mg. of the latter. 

Preliminary Purification — The e.xtract of hmnan pregnancy 
urine from the Fearing Research Laboratory was dissolved in 
alcohol and filtered through a Jena funnel. Evaporation of the 
filtrate gave 452 mg. of a dark orange-red material which by assa}' 
with mice showed estrogenic actmty equivalent to 70 mg. of 
theelin. It was further purified as indicated in the flow sheet. 

Removal of Ketones — ^The 136 mg. of material, which contained 
all but traces of the estrogenic acti\ity, were dissolved iu 20 cc. 
of 95 per cent C2H5OH, 160 mg. of carboxjTnethoxylamine hydro- 
chloride and 420 mg. of NaCjHjOj-SHsO (in solution in 2 to 3 cc. 
of HjO) added, and the whole refluxed for 3 hours. Most of the 
alcohol was then distilled off and the solution transferred to a 
separator}' funnel with 15 cc. of 2 per cent NaHCOa and 50 cc. of 
ether; the two phases were separated and the bicarbonate ex- 
tracted 'twice more with ether. The combined ether solutions 
were washed once with 5 cc. of 2 per cent Na^COj, three times 
with 5 cc. portions of water, and distilled; weight 100 mg. The 
100 mg. of non-ketonic phenols were again treated with the 
ketone reagent but with refluxing for 7.5 hours. After this treat- 
ment the final non-ketonic fraction weighed 92 mg. (Fraction 
Olh). 27 mg. of crude theelin carboxjrnethoxime (Fraction 
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452 mg. solids in solution in 135 cc. acidified 70% C2H4OH 


Extracted 4 times with 40 cc. volumes petroleum 
ether (b.p. 30-60°); combined extracts washed 
twice with 6 cc. 60% ethyl alcohol 


Aqueous alcohol, distilled to dryness and dis- 
solved in mixture of 12 cc. n-lmtyl alcoliol 
and 60 cc. petroleum ether (b.p. 30-60°) 

1 Extracted 10 times with 15 cc. 
portions 0.25 N NaOH 


Petroleum ether 


Distilled to dry- 
ness; 102 mg. 

>270 to <400 r.u. 


Butyl alcohol and petroleum 
ether, distilled to dryness; 
119 mg. >270 to <400 r.u.* 


Alkaline solution, filtered; 
filtrate adjusted to pH 9 

Extracted 10 times with 
75 cc. portions ether 


Ether 


Alkali, acidified with concentrated HCl 


Washed with 5% NajCOj, 
dilute HCl, and H2O 


Extracted 8 times 
with ether 


Washings Ether, distilled to dryness; 


(discarded) 


160 mg. leached with 25 cc. 
hot 0.25 N NaOH + NaCl, 
chilled with ice, and filtered; 
residue taken up in alcohol, 
solvent removea by distilla- 
tion, and leaching repeated; 
process performed 4 times 


Ether Acid (discarded) 
1 Washed with water 


Water 


(discarded) 


Residue insoluble in alkali; 
17.9 mg. >270 to <400 r.u. 


Ether, dis- 
tilled to 
dryness; 
65 mg. 
>1000 to 

, <1330 r.u. 

Alkaline leachings 

HCl added until just pink to phenol- 
phthalein; extracted with ether 


Alkali 


Ether 


Acidified with HCl ; 
extracted with ether 

Ether, washed with water and 
distilled to dryness; 10.9 mg. 
>5300 to <8000 r.u.j 


Acid 

(discarded) 


Washed twice with 
5%Na2C03, once 
wi th dilute HCl, and 
once with water 


I 1 , 

Ether, distilled to Washings 
dryness; 136 mg. (discarded) 


* The bioassays in this flow sheet were conducted at the Fearing Re- 
search Laboratory. 1 rat unit 0 0.5 to 0.667 microgram of theelin. 

t After storage in a dry condition in a refrigerator for 13 months, assay 
in the St. Louis laboratory showed less than 1000 mouse units. 
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Olf) were recovered from the aqueous bicarbonate and carbonate 
fractions. 

Isolation of Theelin — ^Fraction Olf was hydrolyzed by the 
method given under “Hydrolj'sis of theebn carboxjmiethoxime;” 
yield 19.2 mg. of crude theelin. Treatments with norit and 
distribution between benzene and 0.3 m Na^COj yielded 16.0 mg. 
in the benzene-soluble fraction. This material was naphtboylated 
with a-naphthojd chloride and attempts made to purify the 
theelin through crj'stallization of the a-naphthoate, but a good 
product was not obtained. The crude a-naphthoate and mother 
liquors from crystallizations were united and saponified with 
alcoholic KOH. The free phenol was then treated with semi- 
carbazide and the semicarbazone recrj'staUized twice from aqueous 
ethanol (—5°). Hydroh'sis of this apparently pure product 
was carried out by refluxing in 0.5 n HCl (50 per cent aqueous 
ethanol). After treatment with norit and one recrystallization 
of the phenol from aqueous alcohol, 3.79 mg. of white crj'stals, 
m.p. 258-258.5° (Anschutz), were obtained. A mixed melting 
point with authentic theelin (m.p. 258.5-259°) was 258.5-259°. 

Microcombuslion Analysis — CisHj.O; 

Calculated, C 79.95, H 8.21; found, C 79.98, H 8.44 

Isolation of a-Dihijdrotheelin — Fraction Olh was assaj’ed and 
found to possess activity equivalent to 50 mg. of theelin. It was 
dissolved in 95 per cent ethyl alcohol, concentrated to 1 cc., 
chilled, filtered, and the crj'-stals washed once. This process 
was performed a total of three times; weight of cr 3 'staUine fraction 
(OlHb) 25 mg. From these crystallizations and filtrations the 
filtrates (Fraction OlHa) were combined, evaporated, dried, and 
weighed; weight 69 mg. 

Fraction OlHa was placed in a small Pyrex tube, 1.0 cc. of 80 
per cent C2H5OH added, and the mixture warmed until solution 
was complete. Then 0.25 cc. of a solution of digitonin (=10 mg. 
of digitonin) in 80 per cent ethyl alcohol was added; in a short 
time a precipitate resembling a digitonide formed. Finall 3 ’' 0.75 
cc. of 80 per cent CiHsOH and 70 mg. of solid digitonin were 
added, the mixture being warmed until all solids had dissolved. 
After the mixture had stood for 2 days, a ver 3 ^ large precipitate 
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was obscr\'cd, some of wliich appeared to be digitonide but most 
of wJiich appeared to be digitoniu. From this point on the pro- 
cedure used is exactly as described under tlic heading “Precipita- 
tion of a-dihj'-drothcclin with digitonin and decomposition of 
resulting digitonide.’’ The jdcld from the decomposition of the 
digitonide was 5,2 mg. of a faintl3'- yellow crj^stalline material 
(Fraction OlIiaPD). Assaj's mice indicated the presence of 
2 to 3 mg. of dihj'drothcolin and the assay in rats showed this 
product to be 3 times as active as pure thcelin. A small aliquot 
of Fraction OlHaPD was distributed between benzene and 70 
per cent C2H5OH and bioa.ssa.y then conducted on each fraction. 
It was found that the activit}'’ wa.s equally distributed in this 
partition. According to Westcrfeld, Thajmr, MacCorquodale, 
and Doisy (1938) the partition ratio of a-dihydrotheelin between 
benzene and 70 per cent CsHsOH is 1:1. 

The supernatant fluid and ether washings from the digitonide 
formation were evaporated to diyness and the reddish colored 
residue again treated with digitonin (20 mg. of digitonin in 2.0 cc. 
of 80 per cent CjHbOH) but no precipitate occurred. 

Fraction OlHaPD was acetjdated and submitted to fractional 
distillation in a molecular still, but no substantial concentration 
of the active material (as determined bj'’ bioassay) could be 
realized. The acetylated material was then saponified, and the 
phenol recovered and partitioned between 0.3 M NajCOa and 
benzene. From the benzene, 2.11 mg. of white ciystals were 
obtained. These crystals were naphthoylated with a-naphthojd 
chloride (MacCorquodale, Thayer, and Doisy, 1936) to give 
3.31 mg. (==: 1.50 mg, of a-dihydrotheelin) of a compound melting 
at 196.5-197° (corrected). A mixed melting point taken with an 
authentic sample of a-dihii^drotheelin di-a-naphthoate (m.p. 
198-198.5°, corrected) was found to be 197-198° (corrected). 
A mixed melting point taken with an authentic sample of theelin 
a-naphthoate (210°, uncorrected) was 180-185° (uncorrected). 

Microcotribuslion Analysis — C^oHseO^ 

Calculated, C 82.72, H 6.25; found, C 82.37, H 6.13 

Isolation of Theelol — Fraction OlHb was united with Fraction 
OlHaNPD (the poi’tion of No. OlHa remaining after precipitation 
with digitonin) and dissolved in 74 cc. of 95 per cent C2H5OH; 
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26 cc. of water were added, and the aqueous alcohol was then 
extracted three times with 25 cc. portions of petroleum ether 
(b.p. 30-60°). Distillation of the aqueous alcohol gave a nice 
crystalline product with a brown contaminant. This material 
was dissolved in 500 cc. of 0.3 m NaiCOs and then extracted once 
with 500 cc. of benzene.® The carbonate fraction was extracted 
three times with 400 cc. of ether, after which the combined ethers 
were washed three times with water and distilled to (harness; 
yield 35 mg. which by assay indicated the presence of approxi- 
mately 18 mg. of theelol. 

The 35 mg. of crystalline material were acetylated with acetic 
anhj’^dride, and the acetylated product distilled in a molecular 
still at 110-130° for 5 hours, and then at 180-200° for another 
period of 5 hours (pressure 0.0001 mm.). Saponification of the 
distillate gave ci^^stals with very little color. These were crj'stal- 
lized t^vice from 1 to 2 cc. volumes of absolute acetone (—5°), 
treated once with norit, and finally recrj’-stallized from aqueous 
methanol; yield 9.02 mg., melting at 279° (Anschutz). A mixed 
melting point with authentic theelol (m.p. 282-283°) was 
280-282°. 

Microeomhuslion Analysis — CisHhOj 

Calculated, C 74.95, H 8.39; found, C 74.92, H 8.32 

SUJIMARY 

1. A method has been devised by which the ketonic estrogen, 
theelin, reacts quantitatively with the ketone reagent, carboxj^- 
methoxylamine. The resulting methoxime (which has been 
characterized) is soluble in aqueous bicarbonate and can thus be 
quantitatively separated from an ether solution of non-ketonic 
estrogens. 

2. Theelol monobenzoate has been prepared and characterized; 
it reacts with lead tetraacetate in the usual fashion of l, 2 -gl 3 'cols. 

3. The method of Wintersteiner el al. for the precipitation of 
a-dihydrotheelin with digitonin and the decomposition of the 
resulting digitonide has been adapted for work with micro 
quantities. 

‘ The 500 cc. of benzene contained between 1 and 2 mg. of dihj'drotheelin 
by bioassay. 
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4. a-Dihydrotheelin has been isolated from human pregnancy 
urine collected during spontaneous labor and delivery; the a- 
dihydrotheelin was isolated as the di-a-naphthoate and charac- 
terized as such by the melting point, by the mixed melting point 
with authentic a-dihydrotheelin di-a-naphthoate, and by micro- 
combustion analysis. 
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THE RELATION OF THIAMINE TO CITRIC ACID 
METABOLISM* 


By H. a. sober, M. A. LIPTON, and C. A. ELVEHJEM 

{From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison) 

(Received for publication, April 15, 1940) 

The discoverj' of the identit 3 ' of thiamine pjTophosphate and 
cocarboxylase and the recognition of the ester as the predominant 
form of thiamine in j-east (1, 2) and animal tissues (3, 4) has been 
followed b 3 ' several papers which have clearl 3 ’’ demonstrated that 
cocarbox 3 'lase is essential for the oxidative metabolism of P 3 Tai\'ic 
acid (5-7). "However, it has become clear that p 3 TU\’ic acid is 
one of the most reactive intermediates in carboh 3 '-drate metabolism 
and that the end-products of its oxidation ma 3 ' var 3 ^ with differ- 
ent organisms or tissues and with the internal conditions of the 
cell (6). Thus, it has been demonstrated in vitro that the oxi- 
dation of p 3 Tnvic acid under various conditions ma 3 ^ 3 deld acetic 
acid (6, 8, 9), acetic and formic acids (6), lactic and acetic acids 
(9, 10), acetoacetic and ^h 3 'droxybut 3 Tic acids (11), succinic 
acid (9, 12), and citric acid (13, 14). Lipmann (5) and Barron 
and L 3 ’man (6) have demonstrated with bacteria that cocarbox 3 ^- 
lase is essential for the aerobic oxidation of p 3 Tn^dc acid to acetic 
acid, and for the anaerobic dismutation to acetic and lactic 
acids. Banga, Ochoa, and Peters (7) have demonstrated that 
thiamine p 3 wophosphate is essential for the oxidation of p 3 TTivate 
by brain. While the over-all effect of cocarboxylase upon the 
oxidation of pyruvic acid is beyond question, its function in the 
specific oxidative transformations is not yet clear. In the ab- 
sence of thiamine, it appeared likely that some of these reactions 
might be significantl 3 ’- affected. 

* Published with the approval of the Director of the Wisconsin Agricul- 
tural Experiment Station. 

Supported in part bj' a grant from the Wisconsin Alumni Research 
Foundation. 
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As a result of experiments in vitro, Krebs and Johnson (15) 
have proposed that the citric acid cycle is of great quantitative 
importance in the metabolism of carbohydrate by animal tissues. 
Krebs (16) has also reported that rats which are deficient in thia 
mine excrete 3.0 gm. of citric acid per kilo of body weight per 
day. In view of the great loss of weight observed during the 
production of thiamine deficiency and the small quantities of urine 
excreted during this condition, the data of Krebs suggest a figure 
of from 3 to 5 per cent citric acid in the urine of thiamine-defi- 
cient rats. Qualitative confirmation of these data has been 
obtained by Krusius and Simola (17) who report that the daily 
urinary excretion of citric acid by rats on a vitamin B complex 
deficiency rises from 0.34 to 4.49 mg. after 10 days upon the 
deficient ration. 

The experiments of Krusius and Simola (17) are difficult to 
evaluate, since the ration was not specifically deficient in thiamine. 
The paper of Krebs (16) contains no information of the nature of 
the ration, particularly with regard to citric acid content or to 
adequacy in the other factors required by the rat. 

The possible importance of the citric acid cycle in the aerobic 
oxidation of carbohydrate, the magnitude of the citric acid ex- 
cretion described by Krebs, and the implications of his work 
with respect to the role of thiamine have prompted the present 
investigation. Our data fail to confirm those of Krebs, since we 
find a small decrease in citric acid excretion during acute thiamine 
deficiency, and a very large rise in the excretion of this com- 
pound when thiamine is administered to deficient animals. A 
preliminary'’ report of this work has been previously presented (18). 

EXPERIMENTAL 

Albino rats, 3 weeks of age and weighing 40 to 50 gm., were 
placed on a ration deficient in thiamine and low in citric acid, 
but containing adequate amounts of all the other growth factors. 
The composition of the ration is as follows: sucrose 61, casein (vi- 
tamin-free, Labco) 18, autoclaved peanuts (5 hours at 15 pounds) 
10, autoclaved yeast (5 hours at 15 pounds) 4, sulfite-treated liver 
extract 3, Salts 3 (19) 4, haliver oil 2 drops weekly. 

The liver extract was prepared by adding 5.8 per cent NaiSOs 
to commercial 95 per cent alcohol-soluble liver extract (The Wil- 
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son Laboratories) at pH 4.8 for 12 hours. This procedure de- 
stroj's thiamine completely (20). Acute pohmeuritis is produced 
on this ration in 4 to 6 weeks. Control rats fed this ration with 
added thiamine (200 raicrograms per 100 gm. of ration) showed 
normal growth, indicating that the ration is complete in all 
factors required by the rat. The citric acid content of this 
ration is 1.3 mg. per gm. 

The rats were housed in wire-bottomed metabolism cages each 
suspended over a large glass funnel. The urine, separated from 
the feces bj* fine window screening, was collected under toluene, 
measured, and stored in the refrigerator until analyses were made. 
Weight, food consumption, and water consumption records were 
taken daily. 

Control rats were fasted in the metabolism cages for 24 hours 
once a week in order to determine the effect of food intake upon 
citric acid excretion. 

Sjmthetic thiamine, obtained from Merck and Company, Inc., 
was administered intraperitoneally or was dried on the ration. 
Sodium succinate solution was injected intraperitoneally at a level 
of 10 mil per kilo of weight. 

Citric acid was determined by the method of Pucher, Sherman, 
and Vickei^’' (21) adapted for the Eveljm photoelectric colorimeter. 

Results 

Citric Acid Excretion in Thiamine Deficiency — The citric acid 
excretion of control, fasted, and polyneuritic rats is given in 
Table I. The values for the thiamine-deficient rats represent the 
period during which convulsions were observed. It maj^ be seen 
that the average excretion of citric acid during acute poljmeuritis 
is significant^ lower than that of control rats receiving the same 
ration plus adequate thiamine. A tjq)ical experiment is shown 
in Fig. 1. As the animal is maintained upon the deficient ration, 
citric acid excretion falls and then shows a transitory rise before 
acute symptoms are evident. This rise is followed bj' a consistent 
drop in the citric acid excretion until convulsive sjmptoms appear. 
Since random samples were taken for analysis during the period 
of litamin depletion, and daily samples were taken only for the 
week immediately preceding the appearance of acute deficiency 
symptoms, the transitorj’ rise may have no significance. On the 
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other hand, the definite daily drop observed in all animals fol- 
lowing this period and the low values observed during the acute 
deficiency appear to justify the conclusion that citric acid excre- 
tion is below normal during acute thiamine deficiency. These 
results are contrary to those observed by Krebs (16). The early- 
transitory rise observed during the production of the deficiency 
may be similar to that reported by Krusius and Simola (17), 


Table I 

Citric Acid Excretion by Control, Fasted, and Thiamine-Deficient Animals 
The results are expressed in mg. of citric acid per kilo per day. 


Control 

Fasted 24 hrs. 

Thiamine-deficient 

Rat No. 

Duration of 
period 

Average 
daily ex- 
cretion 

Rat No. 

Average* 
daily ex- 
cretion 

Rat No. 

Averaget 
daily ex- 
cretion 


days 






1 

20 

15.7 

9 

30.69 

1 

10.63 

2 

25 

21.2 

10 

78.18 

la 

23.67 

3 

27 

25.0 

11 

41.15 

2 

23.16 

4 

11 

53.0 

12 

53.80 

3 

20.74 




i 


3a 

0.33 






4 

9.06 






7 

8.09 






8 

5.82 






6 

7.73 






20 

12.3 






30 

20.3 






16 

16.2 

Average 

28.7 


50.96 


13.17 


* These figures are the average of three 24 hour fasts once a week, 
t These values represent the excretion of citric acid while convulsions 
were evident. In every case thej^ are the average of at least 2 days. 


Since our experimental ration contains small amounts of citric 
acid, the urinary citrate may not be entirel}'- endogenous. How- 
ever, the normal animal is able to metabolize large amounts of 
ingested citric acid (22-24). At the beginning of the experiment, 
the excreted citric acid represents but a small fraction of the total 
intake. As the deficiency progresses, it will be apparent that the 
citrate intake and output tend to approach each other. The 
transitory rise in citrate excretion may indicate decreased ^ibility 
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to metabolize this compound. The fall in the urinarj’- e.xcretion 
of citric acid is accompanied by a considerable decrease in food 
consumption, which cannot be entirely due to inanition since 
fasted control animals showed increased citrate excretion. 

It has been demonstrated (13, 14) that citric acid is produced 
as a result of the condensation of oxalacetic acid and pJTU^'^c 
acid followed b}’ oxidative decarboxjdation of the resulting 7- 
carbon intermediate. If thiamine were not essential for this 
reaction, it would be expected that the increased pjTuvate char- 
acteristic of the \itamin deficienc}'' (25-27) would lead to increased 



Fig. 1. The effect of thiamine deficiency upon urinary citric acid e.xcre- 
tion. The dash line represents citric acid intake calculated from food 
consumption; the solid line, citric acid excretion. 


citric acid formation. The fact that the citric acid excretion is 
below normal during the acute deficiency appears to indicate that 
thiamine is essential for this transformation. Similar conclu- 
sions have recently been suggested b 5 ' Hallman and Simola (13). 

Citric Acid Excretion Follovnng Succinate Injection during 
Thiamine Deficiency — Smith and Orten (28) have shown that 
succinic acid injection into normal animals increased the excre- 
tion of citric acid greatly. The increase is of short duration, 
since the citrate excretion returns to normal within 6 to 8 hours. 
This has been confirmed by Krebs, Sahun, and Johnson (29) 
and has been incorporated by them as e^^dence for the citric 
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acid cycle. According to their view, injected succinate is rapidly 
converted to fumaric, malic, and finally oxalacetic acid. The 
latter compound condenses with pyruvic acid as previously de- 
scribed to yield citric acid ultimately. Our previous results 
appeared to indicate that thiamine was essential for the synthesis 
of citric acid In an efi'ort to test this further, animals deficient 
in thiamine, but as yet exhibiting no convulsive symptoms, were 
injected with 10 mM of sodium succinate per kilo of weight on 
alternate days until acute polyneuritis was evident. Fig. 2 
shows that the ability of a typical animal to convert succinate to 



Fig. 2. The effect of succinate injection upon citric acid excretion by 
thiamine-deficient and control rats. S, 10 mM of sodium succinate per 
kilo injected intraperitoneally. 


citrate diminishes with increasing severity of polyneuritis. Con- 
trol animals treated exactly the same way do not show this effect. 
Table II summarizes the results obtained with normal and thi- 
amine-deficient animals when injected with succinate. The 
values for the deficient rats are for the period during which acute 
deficiency symptoms were evident. It may be seen that the in- 
crement of citric acid excretion due to succinate injection is con- 
siderably lower in thiamine deficiency than in control animals. 

Ciinc Acid Excretion Following Thiamine Therapy — In order 
to test further the relationship of thiamine to citric acid metab- 
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olism, curative experiments were employed. Deficient rats 
were cured by a single injection of 100 micrograms of thiamine. 

Following such therapy there is a progressive rise in citrate 
excretion with maximum values being reached in 4 to 6 da 3 's. 
At this time the citrate excretion is approximate!}' 10 times that 
of normal. The citrate excretion then drops more slowly and 
normal values are restored within 12 days following therapy. 
Similar results have been obtained in experiments in which poly- 
neuritis has been cured by supplementation of the ration with 200 
micrograms per cent of thiamine. A U'pical experiment showing 
the rise in citrate excretion following both forms of therapy is 
shown in Fig. 3. The progressive rise in citrate excretion may 

Table II 


Average Increase in Citric Acid Excretion Due to Single Injection of Succinate 
1.0 ml. of M Na succinate per 100 gm. 

The results are expressed in mg. of citric acid per kilo per day. 


Control 

Tbiamine-deficient 

Rat No. 

mBsm 

Rat Ko. 


3 



34 (2) 

22 



9 (3) 

24 



18 (3) 

25 



20 (2) 

Average 

71 


20 


* Figures in parentheses represent the number of injections of sodium 
succinate. 


be noted in both cases. However, the rise and the return to nor- 
mal are more rapid following the injection of a large single dose 
of thiamine. In addition, higher values of citrate excretion are 
obtained with the injection technique. 

Table III shows the maximum daily citrate excretion of a num- 
ber of polyneuritic rats following \itamin therapy. In every 
case, citric acid intake calculated from the food consumption 
demonstrates that at the peak of the excretion there is a greater 
urinary output than can be accounted for by the ingested citric 
acid. The lack of correlation between the intake and excretion 
of citric acid is further demonstrated by the fact that the drop 
to normal occurs despite the maintenance of food consumption. 
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Fig. 3. The effect of thiamine therapy upon citric acid excretion of 
thiamine-deficient rats. At 28 days 100 micrograms of thiamine hydro- 
chloride were injected intraperitoncally; at 100 days the basal ration was 
supplemented with 200 micrograms per cent of thiamine. 


Table III 

Effect of Thiamine Therapy on Citric Acid Excretion of Thiamine-Dcficicnt 

Rats 

The results are expressed in rag. of citric acid per kilo per daJ^ 



* This animal was cured by supplementation of the ration with 200 
micrograms per cent of thiamine. All other animals were injected with 
100 micrograms of thiamine. 
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DISCUSSION* 

The work of Martins and Knoop (30-32), Simola (33, 34, 13), 
and Krebs (15, 35) appears to have demonstrated that citric acid 
plays an important role in the metabolism of carbohydrate. The 
C 3 'cle proposed bj* Krebs and Johnson (15) for most tissues has 
been questioned b 3 * Breusch (36) who has been able to demon- 
strate citric acid s 3 Tithesis in tnlro onK* with kidne 3 * tissue (36). 
However, Hallman and Simola (13) have demonstrated that citric 
acid can be S3*nthesized from malic and p3'ru\’ic acids b3' heart 
muscle in vitro and it has been demonstrated that other tissues 
show appreciable citric acid s 3 'nthesis in the presence of o.xalacetic 
and p 3 •Tu^’ic acids (34). More recentb*, Krebs (14) has reaffirmed 
the existence of the citric acid C 3 ’cle in pigeon breast muscle, car- 
diac muscle, and kidney. In these organs, this cycle appears to 
be an important mechanism for the metabolism of pyruvic acid. 

Two oxidative decarbox 3 ’lations arc required in the Krebs 
C 3 'cle. The first is involved in the s 3 'nthesis of citrate from 
P 3 ml^^c acid and the 4-carbon dicarbo.xylic acid. The other is 
.required for the conversion of a-ketoglutaric acid to succinic 
acid. Although it is known that cocarboxylase is essential for 
the oxidation of p3Tuvic acid, it is not 3'et knoivn whether co- 
carbox 3 ’lase is required for both of the dec3rbox3'lations postulated 
in the C 3 'cle. The evidence which we have presented demonstrates 
that the vitamin is essential for the S3'nthesi3 of citric acid, 
because the excretion of this compound is low during the defi- 
cienc 3 ’' despite the presence of excess p 3 TU\dc acid, and because 
the rise in excretion noted when succinate is injected is con- 
siderabh* lass in the thiamine-deficient animal than in the normal. 
It should also be emphasized that the decreased citrate excretion 
is independent of the inanition accompan 3 'ing the deficienc 3 ', 
since fasted control animals show no decrease in citrate excretion. 

The curative experiments demonstrate a consistent rise in 
citrate excretion for 4 to 6 da 3 's after therap 3 * before maximum 
values are attained. Excretion then returns to normal, while 
growth and food consumption are still maintained. Direct cor- 
relation with food intake cannot be established, for food intake 
and growth rate reach a maximum ndthin 48 to 72 hours after 
thiamine therap 3 *, 'n'hile the maximum citrate excretion is not 
reached until 2 to 3 days later. In addition, at the peak of ex- 
cretion the citrate excreted is greater than the citrate intake. 
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Finally, the drop in citrate excretion occurs while the intake of 
the experimental ration is still high. 

One would expect that, as a result of the excess pyruvate pres- 
ent in the animal during the deficiency, the maximum citrate 
excretion would occur immediately after vitamin therapy. That 
this is not true suggests that the mechanism for the synthesis 
of citric acid is not regenerated immediately after administration 
of the vitamin, but increases for sevei’al days before full activity 
is restored. While it is true that the disappearance of poly- 
neuritic symptoms within a few hours following therapy implies 
the rapid restoration of the integrity of the nervous system, there 
is no reason to believe that all of the organs return to normal 
activity at the same rate. In support of this view, it may be 
pointed out that Engel and Phillips (37) have demonstrated 
pathological changes in the liver of deficient rats and chicks after 
the administration of the vitamin and the cure of the external 
symptoms. Several weeks on a normal ration were required for 
the restoration of the normal histological picture. It will also 
be recalled that, while the respiration of polyneuritic brain tissue 
in vitro may be restored by the addition of thiamine to the me- 
dium, no catatorulin effect can be observed with liver and 
muscle (38). 

The reason for the rise in citrate excretion following thiamine 
therapy is thus far not clear. Similar rises oceur as a result of 
the ingestion of alkali (23) or upon the injection of certain citrate 
precursors (28, 29). Neither of these phenomena offers a likely 
explanation of our results. 

Either the tissue enzymes are disorganized as a result of the 
therapy, leading to more rapid formation of citrate than can nor- 
mally be catabolized, or the mechanism for the catabolism of 
citrate as well as for its synthesis is affected by thiamine defi- 
ciency'- and is not restored at a rate equal to that of the symthetic 
mechanism. The former view would present a situation which is 
perhaps analogous to that observed by Engel and Phillips (37) 
with respect to liver fat; the latter may explain the temporary 
rise in citrate e.xcretion during early thiamine deficiency. 

SUMMARY 

1. Studies upon the excretion of citric acid during thiamine 
deficiency indicate a decreased excretion of citrate during the 
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acute deficiency. This is independent of the inanition accom- 
panjdng the deficiency. 

2. Rats suffering from thiamine deficiency show a decreased 
ability to transform injected succinic acid into citric acid. 

3. A 10-fold rise in citric acid excretion is obser\'ed within 4 
to 6 da 3 's after thiamine is given to deficient rats. The level 
then drops slowlj' and normal values are restored in 10 to 14 daj's 
after the initiation of therapy. 

4. The results are discussed with respect to the metabolism 
of citric acid and it is concluded that thiamine pyrophosphate is 
essential for the S3Tithesis of endogenous citric acid from its 
precursors. 
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PROPERTIES OF TROPINE ESTERASE' 


By DAVID CLICK 

(From the Laboratories of the Newark Beth Israel Hospital, Newark) 
(Received for publication, April 3, 1940) 

The extensive use of tropine esters in the medical field, the im- 
portance of these compounds for biological investigations, and the 
interest attending their use as substrates in enzjnne reactions 
make a studj' of their enzjTnatic destruction desirable. 

A survej* of pre^dousl}' published researches concerning the 
enzj-matic hj'drolysis of tropine esters reveals that some data 
have been accumulated relating to the distribution of these en- 
zjunes in the animal bodj', but there is little information about 
the effects of various hydrogen ion concentrations, temperatures, 
enzjTne-substrate affinities, and the specificitj'. The first three 
properties are to be considered in the present communication; 
and specificity, together vith further proof that tropine esterase 
is an enzyme distinct from cholinesterase, is being studied in 
collaboration with Dr. Susi Glaubach, and will form the basis of 
a paper to follow. 

Emplojing a biological method of assay for atropine, L4\'y 
and Michel (1) showed that this substrate was increasingly de- 
stroyed bj’’ rabbit blood with increase of pH in the range 6.6 to 
8.0; and, further, greater destruction occurred with an increase 
of temperature (5°, 38°, and 50° were those investigated). The 
greater hydrolj’^sis at 50° compared to 38° is not in accord with the 
experiments recorded in Fig. 5. 

Bemheim and Bemheim (2) have studied the activit 3 '-time 
relationships for the hj^drolysis of atropine and homatropine by 
guinea pig liver, using a direct chemical estimation of the acid 
liberated. From the shape of their cuiwes, one would conclude 
that the reactions are of a zero order. 

* Aided by a grant from the Sidney C. Keller Research Fund. 
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EXPERIMENTAL 

The disadvantages of biological methods for estimation of 
tropine esterase activity, both in regard to accuracy and technique, 
are obvious. Bernheim and Bernheim (2) are the only investiga- 
tors who employed a direct chemical determination of the acid 
liberated to follow the enzymatic hydrolysis. They employed 
the manometric procedure, using the Warburg apparatus in a 
fashion similar to that evolved for choline ester splitting. Other 
chemical methods have been used, such as the nephelometric 
analysis of unhydrolyzed atropine (3), but they cannot compare 
in ease and precision with methods based on the determination 
of free acid. 

Atropine sulfate, Merck, was used as substrate. The source 
of enzyme chosen was rabbit serum, since it was readily available 
and maintained a practically constant activity for several months 
when stored over chloroform in the refrigerator. As is well 
known, the serum from many rabbits does not contain tropine 
esterase; hence a number of sera had to be tested before an active 
sample was obtained. 

Before studies of pH and temperature effects were undertaken, 
it was deemed advisable to establish the activity-substrate con- 
centration relationship, and as a preliminary to this it was nec- 
essary to find the concentration of serum most suitable. 

The manometric procedure, used by Bernheim and Bernheim 
(2), was employed for these studies on activity-enzyme concen- 
tration and activity-substrate concentration relationships. There 
were a number of variables which had to be arbitrarily fixed in 
the first experiments. Accordingly, the determination of the 
effect of enzyme concentration, first undertaken, was carried out 
at 30° in the bicarbonate-Ringer medium of pH 7.4; the total 
volume was 4 ml., containing a final concentration of 1 per cent 
atropine sulfate (1 ml. of enzyme solution, prepared by diluting 
serum -with bicarbonate-Ringer’s solution, was placed in the side 
arm of the Warburg vessel, and 3 ml. of the substrate dissolved 
in bicarbonate-Ringer’s solution were pipetted into the main 
chamber). Manometer readings were taken every 30 minutes 
for 2 hours, and slopes of the linear activity-time curves thus 
obtained for four dilutions of serum were used as points to establish 
the curve given in Fig. 1. The hydrolyses observed were corrected 
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in each instance for non-enzjmatic atropine splitting by control 
experiments in which 1 ml. of bicarbonate-Ringer’s solution was 
substituted for the serum solution. Onlj' corrected values were 
plotted. 

From Fig. 1 it may be seen that the maximum concentration 
of serum which still gives values on the linear portion of the curve 
is 2.5 per cent. Since the rate of h 3 'drolysis of atropine is relative^ 




Fro. 1 Fig. 2 

Fig. 1. Tropine esterase activity as a function of serum concentration. 
The broken line is the extrapolation of the linear portion of the curve. 
The points represent hydrolysis of 1 per cent atropine sulfate after 2 hours 
at 30° and pH 7.4. 

Fig. 2. The course of enzymatic hydrolysis of atropine in various con- 
centrations at 30° and pH 7.4 by 2.5 per cent serum. The arrows on the 
vertical axis indicate the quantity of CO* equivalent to 100 per cent hy- 
drolysis of the four lowest substrate concentrations. Curve 1 represents 
atropine concentrations of 0.00300 m (□) and 0.00150 il O); Curve 2, 
0.00074 m; Curve 3, 0.00037 m; Curve 4, 0.00030 Ji; and Curve 5, 0.00015 ir. 

slow, this maximum serum concentration was used for all sub- 
sequent experiments. 

In Fig. 2 the activity-time curves for various substrate con- 
centrations are given, and in order to applj*^ these data to the 
calculation of the affinity between enzjnne and substrate according 
to the Michaelis-Menten theory, as has been done pre\dousty 
for other esterases (4, 5), Table I was compiled from which the 
points shown in Fig. 3 were obtained. The linear portions of 
the curv'es for the three lowest substrate concentrations were 
extrapolated to 100 minutes. The curve in Fig. 3 represents the 
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theoretical activity-pA? relationship (pS = negative logaritlim of 
substrate concentration) for a Michaelis constant (K,) of 6 X 
10"^; the agreement between this curve and the experimentally 
obtained points is apparent. 

The manometric procedure used above is not applicable to 
measurements of the effect of pH on activity, since the pH range 
over which it maj'’ be used is small. For this reason continuous 
titration in a buffer-free medium, with a glass electrode to indicate 
pH, was employed in a fashion similar to that used previously 
for pH studies on cholinesterase (5). 

In the present instance constant temperature was maintained 
by immersing the reaction flask in the water of a thermostat. 


Table I 

Data for Calculation of Affinity bettuecn Enzyme and Substrate 


Concentration of atropine sulfate 

CDs in 100 min. 

A factor, 3.4S X c.mm. 
COj in 100 min. 

per cent 

Jlf 

c.mm. 


0.250 

0.00740 

28.5 

99.3 

0.100 

0.00300 

28.0 

97.5 

0.050 

0.00150 

28.0 

97.5 

0.025 

0 .00074 

26.6 

92.8 

0.0125 

0.00037 

25.0 

87.0 

0.010 1 

0.00030 

23.5 

81.8 

0.005 

0.00015 

20.3 

70.8 


The reaction vessel was a 75 ml. round bottom flask having four 
necks which protruded above the'level of the water in the thermo- 
stat. The glass and calomel electrodes fitted into two of the 
necks, and the other two contained 1-hole rubber stoppers fitted 
with glass tubes drawn out to fine tips. One of these glass tubes 
served as a gas jet through which nitrogen was passed. (The 
nitrogen was previously saturated with water vapor by being 
bubbled through a cjdinder of water immersed in the same thermo- 
stat.) The other glass tube was connected to a microburette 
so that standard alkali could be added to the reaction mixture 
to neutralize the acid as fast as it was formed by the hydrolysis. 
Both glass tips were placed above the surface of the reaction mix- 
ture in the flask. 

Bubbling the nitrogen through the liquid for purposes of mixing 
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the added alkali was not found to be feasible, because it produced 
a great deal of foaming. However, agitation was finally effected 
by applj-ing motion to the flask. The flask and burette were 
both held in position by burette clamps fastened to a short vertical 
metal rod. This rod, in turn, was fastened by a clamp to a hori- 
zontal rod e.\tending over the thermostat, and the horizontal rod 
was supported at each end by a clamp fastened to a ring-stand. 



Fig. 3. Activity-pS curve for atropine hydrolysis by rabbit serum. The 
point of inflection occurs at a substrate concentration of 6 X 10“* ji and is 
numerically equal to the Michaelis constant. 


By loosening the screws that would fi.x the horizontal rod, the 
latter could be rotated. Agitation was produced by merely 
moving the vertical rod back and forth, which imparted an angular 
motion to the horizontal rod, the clamp fasteners fixed to the ring- 
stands forming bearings. 

By the method above, the formation of acid could be followed 
m a mixture consisting only of enzyme and substrate, under 
conditions of practicallj' constant pH and temperature, and in a 
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nitrogen atmosphere which eliminated the effects of carbon dioxide 
in the air. The lead connecting the glass electrode to the po- 
tentiometer and the glass electrode itself were shielded. The 
burette was divided into 0.01 ml. graduations, and readings were 
taken to 0.001 ml. Standard 0.01 n or 0.02 n NaOH was used, 
depending upon the speed of the reaction. 

The final reaction volume in every case was 20 ml. 0.5 ml. of 
serum was employed, giving the 2.5 per cent concentration already 
mentioned as being the most desirable. The final concentration 
of atropine was 0.25 per cent which is the lowest concentration 




Fig. 4 


Fig. 5 


Fig. 4. Tropine esterase activity as a function of pH. O represents 
enzymatic hydrolysis of 0.25 per cent atropine sulfate at 40° after 100 min- 
utes by 2.5 per cent serum; X, the corresponding non-enzymatic hydrolysis. 

Fig. 5. Tropine esterase activity as a function of temperature. O in- 
dicates enzymatic hydrolysis of 0.25 per cent atropine sulfate at a pH of 
8.4 after 30 minutes by 2,5 per cent serum; X, the corresponding non- 
enzymatic hydrolysis. 


of this substrate giving the maximum rate of hydrolysis (Fig. 3). 
Control experiments without serum were performed in each case, 
and the corrections applied. It should be mentioned here that, 
although the non-enzymatic splitting of atropine in low concen- 
trations is negligible as Bernheim and Bernheim (2) have pointed 
out, still in concentrations of the order of those found most suitable 
(0.25 per cent), and for all higher concentrations, this factor is 
appreciable and necessitates control experiments. Furthermore, 
non-enzymatic hydrolysis must be considered in cases in which 
higher pH values and temperatures are employed (Figs. 4 and 5). 

The results of the pH measurements carried out in this manner 
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are given in Fig. 4. The experiments were conducted at 40°, 
since this is in the region of the temperature optimum for other 
esterases. The degree of hydrolysis was a linear function of time 
for the experimental period. 

Finally, measurements of temperature effects were made by 
the technique used for the pH studies (Fig. 5). 

DISCUSSION' 

As Bemheim and Bemheim (2) found for tropine ester hy- 
drol 3 'sis bj' guinea pig liver, the course of the enz 3 'matic scission 
produced bj’ rabbit serum maj' be seen to be a linear, or zero 
molecular, reaction (Fig. 2). Here, as in the case of liver esterase 
acting upon simple esters (4), the linearity is due to the high 
affinity between enz 3 'me and substrate. 

The Michaelis constant, 6 X 10“^, derived from Fig. 3, indicates 
an unusualh' high affinit 3 ' betrs'een atropine and tropine esterase, 
since the magnitude of the constant is inversel 3 ' proportional to 
the affinity. In fact, the affinit 3 ' in this case is the highest re- 
corded for an 3 ' of the esterases. It is approximatel 3 ’’ 18 times that 
between cholinesterase and acet 3 'lcholine {K, = 0.0011) (5), and 
33 times that between liver esterase and meth 3 'l butyrate {K, = 
0.0020) (4). Reference to the table of constants in Haldane’s 
book (6) shows that not one of the values given, regardless of the 
nature of the enz 3 'me and substrate, is as low as that found for 
the tropine esterase-atropine combination. The value most 
nearR' approaching it is 0.00018 found by Weber and Ammon for 
pig liver acting upon meth 3 'l d-mandelate. 

As in the case of cholinesterase, this enz 3 'me showed no inhibi- 
tion by high substrate concentrations, the same rate of h 3 ’drol 3 '.sis 
being obser\'ed in the presence of 1 per cent atropine s'ulfate as 
in 0.25 per cent. In this regard a difference exists between these 
two enz 3 Tnes and liver esterase, which is inhibited b 3 ' exce.ss 
substrate.* 

The activit 3 '-pH relationship for tropine esterase (Fig. 4) is 
very much the same as that pre\'iousl 3 ' obser\'ed for cholinesterase 
(5, 8), the maximum falling in the range 8.1 to 8.4 for the former, 

' After this paper was submitted for publication, Alles and Hawes (7) 
reported that human blood cells contain a cholinesterase which is in- 
hibited by excess substrate. 
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and 8.4 to 8,5 for the latter. Esterases acting upon simple esters 
have their pH optima in the same regions, although values ranging 
from 7.0 to 8.8 have been reported from various laboratories. 

The activity of tropine esterase as a function of temperature 
(Fig. 5) is also similar to that found for cholinesterase (9), the 
optimum occurring at 38° in the case of the former and at 40° in 
the latter. Temperature coefficients (the ratio of the activity 
at a given temperature to that 10° lower) may be calculated from 
the curve in Fig. 5. Thus the value is 2.00 for the range 25-35°, 
and 1.90 for 28-38°. These values are higher than those re- 
ported for cholinesterase and ethyd butyrase (9). 

From Fig. 5 one can obtain velocity constants of the enzymatic 
reaction at different temperatures, and these, in turn, may be 
used to calculate temperature constants according to the formula 

^ log ki - log ki TjTi 
0.4343 ^Ti-Ti 

where h and kz are velocit 5 '’ constants referring to absolute tem- 
peratures Ti and Ts, and R is the gas constant, k = c.mm. of 
COa per minute = 0.135/30 or 0.00450 for 28°, and 0.257/30 or 
0.00857 for 38°. Hence A = (log 0.00857 - log 0.00450) 
(93,611/10) (4.581) = 12,000 calories. This value is more than 
twice that obtained for cholinesterase (9). 

SUMMAEY 

Studies by chemical methods were carried out concerning the 
effects of enzyme and substrate concentrations, pH, and tem- 
perature upon the enzymatic hydrolysis of atropine by rabbit 
serum. 

The hydrolyses were zero molecular reactions, and optimum 
conditions were found to be pH 8.1 to 8.4 and 38°. The highest 
serum concentration in accordance with the linear relation between 
enzynne concentration and activity was found to be 2.5 per cent. 
The lowest substrate concentration giving the maximum rate of 
enzymatic hydrolysis was shown to be 0.25 per cent atropine 
sulfate. 

The Michaelis constant was determined, and the value ob- 
tained (6 X 10"^) indicated an unusually great affinity between 
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enzj'ine and substrate. No excess substrate inhibition was 
obsen’^ed. 

The temperature coefficient and constant were calculated. 

The author wishes to thank Mr. Sidney Morett for his technical 
assistance. 
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DETERMINATION OF PROLINE IN MIXTURES CON- 
TAINING I- AND d;-PROLINE 

THE PROLINE CONTENT OF GELATIN 

Br WILLIAM H. STEIN akd j^LAX BERG^LANN 

{From the Laboratories of The ItochefeUer Institute for Medical Research, 

Hew York) 

(Received for publication, April 24, 1940) 

In a recent communication (1) there tvas described a method 
for the determination of amino acids, based on the law of the 
constancy of the solubilitj' product. With the aid of this method, 
and with ammonium rhodanilate as reagent, an Z-proline content 
of 17.5 per cent was found for various gelatins and for tendon 
collagen. It was doubtful whether this figure represented the 
total proline content of the proteins investigated; for, if partial 
racemization of proline occurred during the hydrolysis of the 
proteins ■with boiling HCl, the presence of the d isomer might not 
have been detected. In order to clarify this point, studies were 
undertaken of the beha\'ior of mixtures of I- and d-proline when 
precipitated with ammonium rhodanilate under the conditions 
emploj'ed in the estimation of proline b 3 ' the solubilit 5 ’ method. 

It was found that, from a solution containing equimolecular 
amounts of I- and d-proline, there was precipitated a dZ-rhodanilate' 
which was found to be considerabl}' less soluble, in the methanol- 
water solvent emploj'ed, than is Z-proline rhodanilate. The 
solubility product constant of Z-proline rhodanilate is 9.2 X 10“®, 
whereas the constant for dZ-proline rhodanilate is 3.1 X 10~®. 
It follows that the latter precipitate is a racemic compound, and 
not an inactive mixture of Z- and d-proline rhodanilates. 

When mixtures of Z- and dZ-proline were dissolved in aqueous 
HCl and a methanol solution of ammonium rhodanilate was 
added, the precipitates obtained consisted of mixtures of Z-proline 

* .All the experiments with proline rhodanilate discussed in this paper 
were performed at 0°. 
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rhodanilate and its racemate. A comparison of Columns 3 and 4 
of Table I reveals that the relative proportion of I- and dl-proline 
found, as rhodanilates, in the precipitate is in each case about the 
same as in the corresponding original mixture. Even when dl- 
proline comprises 90 per cent of the original mixture, no marked 
fractionation occurs in the course of the precipitation of the 
rhodanilates. It appears, therefore, that the law of the constancy 
of the solubility product is not the sole factor governing the 


Table I 

Precipitation of Mixtures of I- and dl-Proline with Ammonium Rhodanilate* 


Proline employed 
(1) 

Prolino 

rhodanilate pptd.t 
(2) 

LProHno 

rhodanilate in ppt. 
(3) 

Z-Prolino in 
original mixture! 

W 

mole 

mole 

percent 

per cent 

0.00386 1- -f- 
0.00021 dl- 

1 

0 .00337 

1 

97.8 

95.8 

0.00386 1- + 

0.00042 dl- 

0.00347 

93.9 

90.2 

0.00386 1- -i- 
0.00063 dl- 

0,00359 

88.7 

86.2 

0.00313 1- -t- 
0.00090 dl- 

0 .00341 

74.4 

77.7 

0.00044 1- + 

0.00361 dl- 

i 

0.00363 

10.6 

10.9 


* For the c.xperimental procedure, volume, and composition of solvent, 
etc., see the text. 

t The amount of ammonium rhodanilate added was, in all cases, about 
120 per cent of the theoretical quantity necessary to precipitate .all the 
proline present. 

t Calculated from Column 1. 

equilibrium in this case. The data suggest that dl- and Z-proline 
rhodanilates form solid solutions in all proportions. 

Further indication of the presence of solid solutions is afforded 
by the data in Table II. Four mixtures of I- and dZ-proline 
rhodanilate, of the composition indicated in Column 1, were 
dissolved in methanol and precipitated by the addition of aqueous 
HCl. The solid phase obtained was analyzed polarimetrically 
for its content of I- and dZ-proline rhodanilate as described in a 
previous communication (1). The resulting data on the com- 
position of the solid phase at equilibrium are given in Column 2, 
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and its solubility in Column 3. The solubilities of pure dl- and 
f-proline rhodanilates were measured under the same conditions, 
and are represented bj' the first and last figures in Column 3. 
The values in Column 4 are the solubilities calculated for solid 
solutions of the I and dl salts. In this calculation, the solubility, 
S, of a solid solution in the liquid phase is considered to be 
S = MiSi + MeiSii, where Mi and Mdi represent the mole frac- 
tions of the I and dl components in the solid phase at equilibrium, 
and Sj and Sdi are the solubilities of the pure I and dl components 


Table II 

Solubilily of Solid Solutions of I- and dl-Proline Rhodanilates* 


1 

Composition of mixture of 
rho^nilatcs employed! 

(1) 

Compoeitton of solid phase 
at equilibrium 

(2) 

Solubility of solid phase at 
equilibrium 

Found 

(3) 

Calculated t 

W 

per cent 

per cent 

mff. per S30 ec. 

ri\g. per SSQ ec. 

100 dl- 

100 dl- 

297 


80 " +20 1- 

79.5 dl- + 20.5 I- 

329 

344 

60 " + 40 “ 

65.4“ +34.6“ 

373 

377 

40 " + 60 “ 

45.2“ +54.8“ 

428 

424 

20 “ + SO " 

20.6“ +79.4“ 

489 

481 

100 1 

100 1- 

529 



* For the experimental procedure, volume, and composition of solvent, 
etc., see the text. 

t The amount of original mixture emploj’ed was, in all cases, about 
2.0 gm. 

t In calculating the solubilities in Column 4, the molecular weight of 
df-prolinc rhodanilate is assumed to be the same as that of f-proline 
rhodanilate. 

in the water-methanol solvent. Meyer (2) has found that this 
simple equation, which follows from Raoult’s law, best fits the 
solubility data jdelded by solid solutions of two binai^' electrol 3 'tes 
having a common ion. From the data obtained here for the 
proline rhodanilates, it is obseiwed that the solubilities calculated 
in this manner are in close agreement vith the experimental 
values. 

A consideration of the foregoing experiments with known 
mixtures indicates that it should be possible readilj' to detect the 
presence of d-proline in a protein h 5 ’^drolysate. This premise 
was checked on a gelatin h 3 ’^drolj'sate in the following manner. 
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To a hydrolysate of 2.59 gm. of water-free gelatin (corresponding 
to about 450 mg. of l-proline) there were added 34 mg. of dl- 
proline (corresponding to about 7.1 per cent of the total proline 
content). The proline rhodanilate precipitate obtained in the 
usual manner was analyzed polarimetrically and found to contain 
91.8 per cent of Z-proline rhodanilate and 8.2 per cent of dZ-proline 
rhodanilate. The proline rhodanilate obtained from another 
sample of the same hydrolysate, to which no dZ-proline had been 
added, was found to contain 99.1 per cent of pure Z-prolinc 
rhodanilate. 

From the above information it may be concluded that in the 
hydrolysates of various gelatins and of collagen that have been 
analyzed recently (1), the d isomer content could not have been 
more than about 1.5 per cent of the total proline. All the pre- 
cipitates of proline rhodanilate obtained in the course of these 
earlier analytical procedures were examined polarimetrically, and 
in all cases a rotation corresponding to 97 to 100 per cent of 1- 
proline rhodanilate was observed. An appreciable amount of 
the d or the dl form in the hydrol 3 '’sate should have manifested 
itself in a lower rotation of the rhodanilates. 

Although it has been shown that the hydrolysates investigated 
earlier contained only a negligible amount of d- or dZ-proline, it 
will be demonstrated later that during prolonged hydrolysis of 
gelatin with boiling HCI appreciable raccmization of proline occurs. 
It is desirable to ascertain, therefore, whether it is possible, by the 
solubility method, to determine the total proline content of a 
mixture containing Z- and dZ-proline. To achieve such a determina- 
tion, it is a necessary condition that the solubility product of the 
proline rhodanilate be a constant, despite the stereochemical 
inhomogeneity of the proline. 

The results of two determinations on known mixtures, the one 
containing 22.3 per cent of dZ-proline and 77.7 per cent of Z-proline, 
the other containing 89.1 per cent of dZ-proIine and 10.9 per cent 
of Z-proIine, are recorded in Table III. A consideration of the 
data in Table III indicates that the above condition is fulfilled, 
and that a satisfactory determination of the total proline content 
of such mixtures is possible. The proline content found (Column 
2) was calculated simply from the weights of the proline rho- 
danilate precipitates obtained in the course of the determination, 
without regard to their stereochemical character. 
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■WTien determinations of the total proline content of proteins 
are performed, it is important to ascertain the optimum conditions 
of hydrolj'sis and to know whether proline is destro 3 -ed or 
racemized in the course of prolonged hj'droU'sis. In order to 
check this point the prolinc content of a gelatin h 3 -droh-sate was 
determined after 3 hours of h 3 'drol 3 'sis mth boiling concentrated 
HCl.- The total proline content was found to be 17.0 and 17.3 
per cent. The prolinc rhodanilate precipitates obtained in these 
determinations exliibited the rotation of the pure I form. These 
results are in close agreement with the value, 17.5 per cent, pre- 
^^ousl 3 ' obtained after 8 hours of h 3 'drol 3 'sis. 


Table III 

Determination of Total Proline Content of Solutions of I- and dl-Proline 


Proline content of 
solutions employed 

Cl) 

‘ Total proline * 

1 content found : 

1 j 

Averse 

recovery’ 

(3) 

Solubility 

product* 

constant 

(4) 

f'ProIine 
rhodanilate 
content of 

ppts. 

(S) 

mo?tf 

j moU 1 

per cent 

X ten 

per cent 

0.00313 1- + 
0.00090 dl- 

: 0 .00403 j 

; 0.00391 

97.5 

8.5 

8.3 



0.00382 j 


9.4 

74.4 

0.00361 dl- -b 

' 0 .00424 

104 

3.8 

7.9 

0.00044 1- 

1 1 

I i 


3.2 

10.6 


* The solubility products are, in each case, the product of the concen- 
trations of the proline and the rhodanilic acid remaining in the solutions. 
The concentration of the proline is considered to be the sum of the con- 
centrations of the stereoisomers. Cf. also Bergmann and Stein ((1) p. 
219, foot-note 1). 

On the other hand, when gelatin was h 3 'drol 3 'zed under similar 
conditions for 48 hours and proline determined as before, each 
of the proline rhodanilate precipitates obtained gave the theoretical 
C and H values for proline rhodanilate and contained 86.6 per cent 
of Z-proline rhodanilate and 13.4 per cent of cZZ-proline rhodanilate. 
The total proline content of the h 3 ’'drol 3 'sate, however, was found 
to be 17.1 per cent, in good agreement with the values obtained 
after 3 and 8 hours hydrotysis. Apparent^ a portion of the 

* The ratio NHi-N to total N was 0.63. After the hydrolysate was 
cleared by the CuS procedure (1), the ratio NHi-N to total N had risen 
to 0.66. 
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proline was racemized during 48 hours hydrolysis, but no ap- 
preciable amount was destroyed. ' 

Experiments of this tj'^pe naturally do not indicate whether 
some proline is destroyed in the peptide stage duiing the first 3 
hours of the hydrolysis. In the absence of evidence for destruc- 
tion of pi'oline in the peptide stage, the value 17.5 per cent (±0.5 
per cent) may be regarded as representing the proline content of 
gelatin and tendon collagen. 

EXPEniMENTAL 

Precipitation of Mixtures of I- and dl-Proline with Ammonmm 
Rhodanilate — In order to demonstrate the way in which the data 
in Table I were obtained, the first experiment in the table may be 
described. 555 mg, of Z-proline and 30 mg. of dZ-proline were 
dissolved in water, 35 cc. of n HCl were added, and the volume 
was made up to 250 cc. The solution was cooled, and a 200 cc. 
aliquot (containing 0.00386 mole of Z-proline and 0.00021 mole of 
cZZ-proline) wms added to 2.505 gm. of ammonium rhodanilate 
dissolved in 130 cc. of cold methanol. The solution was agitated 
at 0°, in a tightly stoppered flask, for 48 hours. The precipitate 
was collected at 0° on weighed crucibles with sintered glass filter 
plates, and dried over CaClo and KOH in a desiccator to constant 
weight. The precipitate was analyzed polarimetrically in the 
manner already described.^ 

Solubility of Solid Solutions of I- and dl-Proline Rhodanilatcs — 
2.000 gm. samples of the mixtures of the composition indicated 
in Column 1, Table II, were dissolved in 130 cc. of cold methanol, 
and 200 cc. of ice-cold water containing 25 cc. of N HCl w^ere 
added to each. The mixtures were agitated at 0° for 48 hours, 
and the precipitates were filtered, dried, weighed, and analyzed 
polarimetrically. The results of the polarimetric analysis are 
reported in Column 2, Table II. The solubilities, reported in 
Column 3, Table II, were determined as the difference in weight 
between the mixtures employed and the precipitates recovered. 

= In our earlier communication (1), the equation for calculating the l- 
proline content of a sample of proline rhodanilate subjected to polarimetric 
analysis was given erroneously. The equation should read p = (a X X 
57)/(— 1.52° X 3.19) (p represents proline in mg., a observed rotation, and 
S total weight of solvents in gm.). 
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The precipitate containing 79.5 per cent of c/Z-proIine and 20.5 
per cent of Z-proline and the one containing 20.6 per cent of dl- 
proline and 79.4 per cent of Z-proline were analyzed for their carbon 
and hj'drogen content. 


(Ci.H„N6S,Cr)-(CsH,cO..N)-H.O. a-ilculated. C 41.7, H 4.3 
604.6 Found. “ 41.8, “ 4.3 

» “ 41.7, " 4.4 

Quanlilativc Dcterminalion of Total Proline Content of Mixtures 
of I- and dl-Proline — 515 mg. of dZ-proline, 1.800 gm. of Z-proline, 
and 140 cc. of n HCl were made up to 1 liter with water. The 
solution was cooled, and three 200 cc. aliquots, each containing 

0. 00403. mole of total proline, were added to 1.800, 2.202, and 
2.603 gm. samples of ammonium rhodanilate each dissolved in 
130 cc. of cold methanol. After 48 hours agitation at 0°, the 
precipitates wore collected, dried, weighed, and analyzed polari- 
metrically. The precipitates weighed 1.675, 1.929, and 2.062 
gm. and contained 73.5, 73.9, and 74.4 per eent of Z-proline rho- 
danilate and 26.5, 26.1, and 25.6 per cent of dZ-proline rhodanilate 
respectively. The three calculated values for the total proline 
content of the aliquots taken were 0.00403, 0.00391, and 0.00382 
mole; average 0.00392 mole, corresponding to 97.5 per cent of 
the theorJ^ 

The analj'sis of the other mixture mentioned in the text was per- 
formed in the same manner. 

BIBLIOGRAPHY 

1. Bergmann, M., and Stein, W. H., J. Biol. Chem., 128, 217 (1939). 

2. Meyer, G., Rcc. Irar. chim. Pays-Bas, 42 , 301 (1923). 




CREATINE FORMATION IN LIVER AND IN KIDNEY* 

Bv HENRY BORSOOK and JACOB W. DUBNOFF 

{From Ihc William G. KcrckhoJj Laboratories of the Biological Sciences, 
California Institute of Technology, Pasadena) 

(Received for publication, April 12, 19-10) 

We reported recentlj' (1) the formation of creatine from glyco- 
C3'amine bj' rat liver slices; and that 40 to 50 per cent more crea- 
tine was formed vhen methionine was added with the glj^ocj'a- 
mine to the Ringer’s solution in which the slices were immersed. 
Among some thirty odd amino acids, methylated amines, a 
methjdated purine, and betaine onl}' methionine gave this in- 
creased rate of methjdation. The rate of creatine formation 
under these conditions is sufficient, if it is of the same order of 
magnitude in vivo, to make good the entire loss as urinarj’- creati- 
nine. 

If the methjdation of glj'cocyamine in the liver is important 
both as a mechanism and as a site of creatine formation in animals, 
one may expect to find it in the livers of most other animals. 
We accordingly examined the livers of a number of animals for 
their abilitj’- to cany out this reaction. At the same time the 
possibility of its occurring in their kidnej's was investigated also. 

The findings in this survej'’, .s umm arized in Table I, were that 
glycocj^amine can be methylated bj' the liver of everj”- animal 
examined; the stimulating effect of methionine obser\'ed with rat 
liver was found with some but not all the other animals; the kid- 
ney appears to be unimportant (except in the pigeon) for the 
methjdation of glycocyamine without or vdth methionine. 

The experimental and analytical procedure was the same as was 
described in our previous communication, except that the experi- 
ments vdth frog liver and kidnej’’ were earried out at 25° instead 

* Presented before the meeting of the American Society of Biological 
Chemists at New Orleans, March 13-16, 1940 {Proc. Am. Soc. Biol. Chem., 
J. Biol. Chem., 133, p. xv (1940)). 
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of 38°. All the creatine figures given represent differences in 
chromogenic material in the Jaffe reagent before and after digestion 
with the NC bacteria of Miller and Dubos (4). 

Baker and Miller (3) have reported that creatine is formed 
from unidentified precursors in rat liver and kidney (slices and 
mash). Our findings on this point are that small amounts of 
creatine (beyond the experimental error) were formed from pre- 

Table I 

Formation of Creatine in Liver and Kidneij Slices 
Temperature 38°; glucose-Ringer's solution. The creatine is given as 
mg. per 100 gm. of wet Aveight of tissue. 


Animnl 

Creatine in liver 

Creatine in kidney 

In- 

itially 

present 

After 4 hra. incubation 

In- 

itially 

present 

After 4 hrs. incubation 

In 

Ringcr’a 

solution 

alone 

With 

0.25 

mg. 

per 

cent 

glyco- 

cyam- 

ine 

With 6.25 
mg. per 
cent glyco- 
cyamino 
and 40 mg. 
per cent 
df-methi- 
onine 


With 

6.25 

mg. 

per 

cent 

glyfco- 

cyam- 

inc 

With 6.25 
mg. per 
cent glyco- 
cyamino 
and 40 mg. 
per cent 
di-melhi- 
onino 

Cat . . 

12.0 

12.2 

21.1 

23.2 

1.9 

2.5 

2.4 

2.3 

Dog 

2.9 

2.9 

3.5 

10.3 

17 

26 

26 

26 

Guinea pig 

1.7 

3.4 

12.4 

12.1 

3.0 

4.5 

8.5 

6.6 

Frog (25°) 

2.2 

2.2 

4.8 

8.4 

36 

44 

47 

45 

Pigeon 

1.0 

2.0 

11.8 

16.0 

10.8 

10.7 

17.9 

22.3 

Rabbit 

5.8 

5.7 

26.4 

12.0 

9.4 

15.2 

15.0 

15.4 

Rat 

1.4 

2.8 

20.6 

28.4 

10.8 

18.6 

16.3 

18.2 


The initial values are lower than those given by Baker and Miller (2, 3) 
for rat liver and kidney. In our procedure the slices are washed in a large 
volume of Ringer’s solution for at least 3 minutes before they are trans- 
ferred to the reaction vessels or submitted to analysis. Preformed creatine 
undoubtedly diffuses out of the slices during this washing. 

existing precursors in the liver slices of the guinea pig, pigeon, and 
rat. IQdney slices gave significant increases in every case except 
in the pigeon. 

After the cell structure of rat liver and kidney was destroyed, no 
creatine was formed from preexisting precursors nor from glyco- 
cyamine without or with methionine. The homogenizing proce- 
dure of Potter and Elvehjem (5) was used to disrupt the cells. 
It would seem that the creatine formed by chopped rat liver and 
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kidney from preexisting precursors (Baker and iVIiller (3)) must 
be ascribed to the intact cells in the mash rather than to a liberated 
enzjTne. 

It is difficult to account for the large (absolute) amounts of 
creatine formed from preexisting precursors in the kidney slices 
in everj- case except in the pigeon, in view of the inability of cat, 
dog, rabbit, and rat kidney slices to methylate added glyco- 
cyamine, even in the presence of added methionine. The one 
animal which was negative in this respect — the pigeon — ^was the 
only animal whose kidnej" gave a positive effect with gb'cocj'a- 
mine and a further increase with metliionine. 

When the Ringer’s solution contained glycocyamine, there were 
large increases in creatine with the liver slices of everj' animal 
except the dog. In the interpretation of this negative effect in 
the case of the dog the positive effect obser\'ed when methionine 
was added with the glj'cocyamine must be taken into account. 
One possible interpretation is that the preexisting concentration 
of the glycocyamine-methylating agent is verj' low in dog liver — 
lower than in the livers of any of the other animals investigated. 

With kidney slices the added glycocj'amine was not methylated 
or was methylated only to an insignificant extent in everj' case 
except in the guinea pig and pigeon. 

Bodanskj' (6) foimd an increase in the creatine content of rat 
kidnej' after glj'cocj'amine was fed. Our interpretation of this 
increase was that it arose from temporary storage in the kidnej' 
of creatine sj'nthesized in the liver from the glj'cocj'amine fed 
(1). This interpretation is based on the finding that rat kidnej' 
slices do not methj'late glj'cocj'amine under conditions in which 
methylation readilj' occurs in liver. Bodanskj' concurs in this 
interpretation (personal communication). 

Alethionine accelerated the methj'lation of glj'cocj'amine bj' 
liver slices of the dog, frog, pigeon, and rat. This stimulation was 
not obser\'ed with the cat, guinea pig, and rabbit. Two possible 
reasons for this failure are that the livers of these animals con- 
tained a plethora of the methj'Iating agent, or that the relativelj' 
high concentration of the unnatural isomer in the dZ-methionine 
used was inhibitorj' (as in the rabbit liver slices). 

The pigeon was the only animal whose kidnej' slices were 
stimulated bj' methionine in their methylation of glycocj'amine. 
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The pigeon is exceptional as far as creatine formation is concerned 
in that its kidney appears to share this function with its liver and 
resembles in this respect the livers rather than the kidneys of the 
other animals. 

The negative effect of methionine with the kidney slices of all 
the animals tried except the pigeon is a little unexpected. Oxida- 
tive deamination is more active in kidney than in liver slices (7); 
and after oxidative deamination the lability of the S-methyl 
group is increased (8). It might have been expected therefore 
that the methylation of glycocyamine would be more active in 
kidney than in liver. This is not the case. 

Our finding in this survey, that methjdation of gl 3 '-cocyamine 
is an active function of the livers of all the animals examined, 
strengthens the conclusion that creatine is formed normall}'’ in the 
liver b}'- the methylation of glycocj’-amine. It would be surprising 
if this is a fortuitous coincidence of little or no physiological 
significance. Other mechanisms and other sites of creatine form- 
ation are, of course, not excluded by these findings. 

The significance of methionine hero is less clear. Our findings 
suggest that it is the methylating agent of glycocjmmine in liver 
or its precursor. We are hesitant at present to accept methionine 
itself as the methylating agent because its effect is small consider- 
ing the concentration used. It maj'^ be that the actual methylating 
agent is the product of the oxidative deamination of methionine. 
This and other possibilities are now under investigation. 

Du Vigneaud and coworkers (9) have shown that the presence 
of choline in the diet enables the animal to utilize homocystiue or 
homocysteine in place of methionine. They have suggested that 
choline enables the body to methylate the sulfhydryl group of 
homocysteine by furnishing the required methyl group, and 
further that methionine may furnish the methyl groups of choline. 
The reality of the latter relationship is now established by direct 
proof recently presented by du Vigneaud.^ 

Our observations suggest that the S-methyl group of methionine 
may participate also in the formation of the N-methyl group of 
creatine. In this connection and in view of our findings with dog 
liver slices it is interesting that Stekol and Schmidt (10) found 

1 Verbal communication at the meeting of the American Society of 
Biological Chemists at New Orleans, March 13-16, 1940. 
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in the dog an increase in urinary creatinine after di-methionine was 
fed, and none after glycine, glutamic acid, or Z-pjTTolidonecar- 
boxylic acid. 


SXBCILAJIT 

1. A surv'ey was made of the possibility of creatine formation 
in vitro bj' slices of the livers and kidne3'S of the cat, dog, guinea 
pig, frog, pigeon, rabbit, and rat. 

2. E\ddence of the existence of small amounts of creatine pre- 
cursors in the livers of the guinea pig, pigeon, and rat, and in the 
kidnej's of all of the above animals except the pigeon was found. 

3. This finding appears to be much less significant quantita- 
tivelj' than the much more active glj'cocjmmine-methylating 
function of the liver slices of all animals investigated. Onlj' 
guinea pig and pigeon kidney slices possessed this abilitj'. 

4. The above findings are interpreted as indicating that creatine 
normall}’ is formed bj" the methjdation of glj'cocj'amine in the 
liver. 
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THE ACTION OF CYSTEINE OR CYANIDE UPON 
GONADOTROPIC EXTRACTS 

By fritz BISCHOFF 

{From the Chemical Laboratory, Santa Barbara Cottage Hospital Research 
Institute, Santa Barbara) 

(Received for publication, April 16, 1940) 

Fraenkel-Conrat, Simpson, and Evans (1) have recently re- 
ported that h3T3ophyseal gonadotropic hormones may be com- 
pletely inactivated by cysteine in mildlj’’ alkaline solution, whereas 
prolan, the principle from human pregnancy urine, shows no 
loss of potencj'- under the same conditions; they have concluded 
that the disulfide bonds are essential for the acti\'ity of the 
hormones of pituitary origin and are non-essential or absent in the 
hormones of placental origin. In Foot-note 2 to their paper the 
statement is made that follutein (prolan) showed a slight decrease 
in potency.' It is also stated as curious and unexplained that 
when thymol was used as a preservative inactivation of prolan 
occurred but not when butanol was used. In the assaj’’ proce- 
dure used bj’’ these workers the establishment of a Tninirnmn 
effective dose by a positive response in two out of three rats is 
employed. Measures of variability are not given. 

In our first chemical studies on the pituitarj' gonadotropic hor- 
mone (2) no detectable loss of activity occurred upon short e.xpo- 
sures to nascent hydrogen, sulfur dioxide, hydrogen sulfide, 
ferrous siilfate, or hydrogen cyanide. Prolan (3) withstood the 
action of cyanide for 1 hour at pH 6.5. Unpublished data for 
prolan indicate less than 25 per cent inactivation upon exposure to 
nascent hydrogen (magnesium powder in dilute acetic acid). 
Because of these essentially negative results and the data of 
Fraenkel-Conrat et al., which in our opinion are conflicting, the 
question of the reduction of gonadotropic hormones has been 
reopened. 

* According to our interpretation of the data, this amounts to 70 per cent 
inactivation by cysteine. 
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In this paper we report on (a) the action of cysteine upon the 
pituitary gonadotropic hormone, (b) the action of cysteine upon 
prolan, and (c) the action of cyanide on both these hormones. 


Table I 


Action of Cysteine upon Pituitary Gonadotropic Hormone 


Ex- 

peri- 

ment 

No. 

Total 
dose 
of 
hor- 
mone 
per rat 

Agent 
used to 
delay 
resorption 

No. of 
iniec- 
tiona 
per 
day 

Treatment of hormone 

Ovar- 

ian 

weight, 

aver- 

age 

No. of 
rats 
used to 
obtain 
average 
ovarian 

1 weight 

Ee- 

cov- 

7 

hor- 

mone 






mg. 


j5«r 

cent 

I 

1 

None 

5 

Control 

50 

4 

i 


1 

Tannic 

1 

“ tannic acid after 12 

69 

4 




acid 


hrs. 





1 

None 

5 

10 mg. powder, 10 cc. HiO, 

26 

4 

40 





200 mg. NaHCOs, 40 mg. 
cysteine HCl, 12 hrs. 





1 

Tannic 

1 

Same cysteine treatment, 

23 

4 

40 


I 

acid 


then tannic acid pptn. 





2 

None 

5 

6 mg. powder, 6 cc. HeO, 50 

55 

4 

50 





mg. NaHCOj, 12 mg. cy- 
steine HCl, 24 hrs. 





2 

tl 1 

5 

6 mg. powder, 6 cc. H2O, 50 

43 

4 

50 





mg. NaOAc, 12 mg. 
cysteine HCl, 24 hrs. 




II 

1 

Tannic 

1 

12.5 mg. powder, 6 cc. H:0, 

63 

6 




acid 


120 mg. butanol, 650 mg. 
NaHCOj, 48 hrs., then 
HOAc and tannic acid 
pptn. 

j 




0.2 

<< l( 

1 

Same treatment 

12* 

6 



2 

<C << 

1 

12.5 mg. powder, 6 cc. H5O, 

12t 

6 

<10 





120 mg. butanol, 650 mg. 
NaHCOj, 125 mg. cysteine 
HCl, 48 hrs., then HOAc 
and tannic acid pptn. 





* 73 mg. uterine weight, 
t 23 mg. uterine weight. 


In view of the work on insulin, concentration of reagents and 
reaction time have been considered, as they have been shown to 
govern the degree of inactivation. 
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EXPERIMENTAl. 

The gonadotropic preparations of pituitary and urine of preg- 
nancy were the same as those used in earlier studies (2, 3). The 
treatment of the material and the details of assay are given in 
Tables I to IV. The chemical reactions took place at room 
temperature. The reaction products were kept at 5°. In all 
cases 22 to 23 day-old female rats were used for assay, and a 


Table II 

Aclion of Cysteine upon Prolan (Urine of Pregnancy) 


Experi- 

ment 

No. 

i 

Treatment of hormone 

Ovarian ' 

weight, 

average 

No. of 
rats 
used to 
obtain 
average 
ovarian 
weight 

Re- 

covery 

of 

hor- 

mone 



my. 


per cent 

Ill 

None 

33 

5 



8 mg. prolan, 8 cc. H5O, 80 mg. cysteine 
HCl, 400 mg. NaHCOj, 48 hrs. 

24 

5 

35 


Same -i- 0.2 cc. human blood serum 

22 

5 

27 

IV 

8 mg. prolan, 400 mg. KaHCOj, 8 mg. 
cresol, 8 cc. HjO, 48 hrs. 

26 Az 3.2 * 

6 



8 mg. prolan, 400 mg. NaHCO,, 8 mg. 
cresol, 80 mg. cysteine HCl, 8 cc. H2O, 
48 hrs. 

16 ±2.0 

i 

6 

24 

V 

10 mg. prolan, 530 mg. KaHCO,, 85 mg. 
butanol, 5 cc. HjO, 48 hrs. 

29 ±3.3 

6 



Same + 100 mg. cysteine HCl 

16 ± 1.3 

6 

17 


10 mg. prolan, 530 mg. NaHCO,, 100 mg. 
cj'steinc HCl, 5 cc. HjO, 48 hrs. 

18 ± 1.2 

6 

26 


In all experiments a total of 1 mg. of prolan, imtreated or treated, was 
administered per rat in four doses, one dose per day. 


simultaneous assay of untreated material or control material, 
subjected to the same pH and preservatives as the chemically 
treated material, was made in litter mates. In the assay proce- 
dures, ovarian weight increase is the objective measure. Data 
on the measures of variability and the relation of ovarian weight 
increase to the level of dosage have been previously de- 
scribed (3, 4). 

The cysteine reduction took place in bicarbonate buffer solution, 
the pH of the reaction approximating 8.0. In this pH range 








644 Cysteine and Cyanide Action on Hormones 

insulin is almost completely (98 per cent) inactivated by its own 
weight of cysteine hydrochloride in 3 hours; it is 75 per cent 
inactivated in 1 hour (5). Cyanide reduction took place at 
approximately pH 10.0. This pH was chosen as the one used in 
analytic procedures for complete cystine reduction (6). 


Table III 

Action of Cyanide upon Pituitary Gonadotropic Hormone 


Experi- 

ment 

No. 

Treatment of hormone 

Orarinn 

weight, 

average 

No. of 
rats 
used to 
obtain 
average 
ovarian 
weight 

Recovery 
of hormone 

VI 

No treatment except solution in HiO 

mg* 

89 

8 

percent 

1 


10 mg. powder, 8 cc. HaO, 40 mg. NaCN, 

73 

8 

Complete 

1 

80 mg. NallCOj, pH 10.5, 1 hr., then 
acid to HOAc 

12 mg. powder, 5 cc. HjO, 20 mg. NaCN, 

110 

8 

(1 

VII 

15 min., then acid to HOAc 

10 mg. powder, 300 mg. NaHCOj, 80 mg. 

55 

6 



NaoCOs, 3 cc. HjO, pH 10, 24 hrs., then 
acid to HOAc 

10 mg. powder, 300 mg. NaHCOj, 100 mg. 

29 

6 

>40 


NaCN, 3 cc. HzO, pH 10, 24 hrs.,* then 
acid to HOAc 

10 mg. powder, 300 mg. NaHCOj, 100 mg. 

56 

6 

Complete 


NaCN, 3 cc. HjO, pH 10, 1 hr.,* then 
acid to HOAc 





In fill cases the solution was rendered acid to HOAc after treatment, 
and tlie hormone precipitated with e.xcess tannic acid; the precipitate 
was taken to volume in isotonic saline. The total dose per rat was 1 mg. 
of original powder given in four doses on 4 days. 

* Positive test to nitroprusside. 

Results 

In Experiment I, Table I, which is concerned with the hypo- 
physeal preparation, tlie assay of the cysteine-treated material 
gives the same result whether divided dosage or single dosage as 
the insoluble tannate is used, showing that the c 3 '-steine-treated 
material possesses the original resorption properties.- The 

- In another paper (7), we have pointed out that the statements of 
Fraenkel-Conrat ct al. in regard to the pituitary hormone were not proved, 
since the question of a change in resorption rate was not considered. 
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results of Experiments I and II, Table I, indicate that increasing 
amounts of cj'steine and extension of the reaction time increase 
the inactivation. 

A comparison of the e.xperiments in Table I with those in Table 
II shows that under the same conditions of cj'steine reduction 
more than 90 per cent inactivation of the pituitarj* hormone 
results, wliile from 63 to 85 per cent of inactivation of prolan 

Table IV 


Influence of Cyanide upon Prolan (Urine of Pregnancy) 


Experi- 

ment 

No. 

IVeatment of prolan 

j 

1 

Ovarian 

weight, 

average 

No. of 
rats 
used to 
obtain 
average 
ovarian 
weight 

Re- 

covery 

of 

prolan 

VIII 

10 mg. prolan, 300 mg. XaHCO,, 3 cc. 

mi;. 

28 

4 

per cent 


HjO, 80 mg. Xa-COi, 24 hrs., pH 10, 
then acid to H0.4.C, final volume 10 
cc., pH 6.0 

10 mg. prolan, 300 mg. XaHCOj, 3 cc. 

t 

f 

! 21 

i 4 

40 

IX 

HjO, 100 mg. XaCX, 24 hrs., pH 10, 
then acid to HO.\c, vacuum distilla- 
tion, 0.1 X I, 0.1 X XaiSiOi, final vol- 
ume 10 cc., pH 6.0 

Control, same as Experiment VIII 

! ' 

i 1 

1 ! 

i 

i 34 

! ! 
i 1 

1 1 
! 

5 i 

I 

1 


XaCX-treated, same as Experiment VIIIl 23 

5 

1 33 

X 

Control, same as Experiment VIII, ex- 

! 31 ±1.8 

6 



cept 1 hr. at pH 10 

NaCX-treated, same as Experiment 

1 

i 35 = 2.4 

! 6 

i 

1 

i 127 


j VIII, except 1 hr. at pH 10 

i 




In all cases the total dose per rat was 1 mg. of prolan given in four 
doses on 4 successive daj'S. 


results whether or not butanol or cresol is used as preservative. 
In Experiment III, Table II, the addition of blood serum did 
not alter the response. 

Experiments and "NTI, Table III, demonstrate that the 
pituitary’’ hormone is able to withstand short exposures (1 hour) 
to cyanide in alkaline solution. 24 hours exposure produces 
some inactivation. 

Experiments VIII, IX, and X, Table IV, show that the response 
of prolan to cyanide is like the response of the pitvutarj' hormone. 
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In these experiments excess of HCN at the end of the reaction 
period was removed by vacuum distillation. Tlie trace remaining 
was destroyed with 0.1 N iodine. The excess of iodine was 
destroyed with thiosulfate. That this procedure produces no 
inactivation is shown by the results of Experiment X. 

DISCUSSION 

According to Me 3 '’er (8)^ prolan is sulfur-free. The fact that 
prolan can be partially inactivated bj'^ both cysteine and cyanide 
demonstrates that either the action of these reagents is by no 
means confined to disulfide reduction under the drastic conditions 
employed or that the purest prolan yet prepared is so crude that 
the sulfur content is too loiv for analj'sis. Prolan and the pitui- 
tarj'’ preparation withstand the action of cyanide under conditions 
in which sulfhydiyl groups are produced in the pituitary prepara- 
tion. In this laboratory (10), the studj’’ of the action of cyanide 
upon insulin showed that complete inactivation occurred in 18 
hours, but that 30 to 60 per cent of the activity was recovered 
after 15 minutes exposure and that this partially inactivated 
insulin gave a positive nitroprusside test.'' Wintersteiner (5), 
investigating the time curve of the reduction of the disulfide 
linkages of insulin by cysteine, and simultaneously observing the 
corresponding variation in physiologic activity, found that no 
proportionality exists between maximal reduction and ph 3 ’'siologic 
activity, and that total inactivation occurs with the reduction of 
approximately one-third of the total sulfur. Both the pituitary 
and urinaiy gonadotropic preparations survive whollj'' or in part 
the action of cj'^steine or cyanide under conditions which com- 
pletely inactivate insulin. The evidence taken as a whole makes 
it somewhat dubious that the disulfide linkages are an essential 
part of the active group of the gonadotropic hormones. The 
inactivation produced by large excess of reagent and prolonged 
reaction time might be ascribed to side reactions. 

“ Gurln, Bachman, and Wilson (9) have recently succeeded in preparing 
a prolan assaying over 6000 i.v. per mg. Ultracentrifuge studies indicate 
this preparation to be a homogeneous- protein. Analyses of this product 
gave 1.96 per cent sulfur and 1.92 per cent ash. The authors state the sulfur 
was probably largely inorganic. 

* Since the insulin was not crystalline, contaminating proteins may have 
contributed to the test. 
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sumiAKy 

1. The pituitan' and urinarj' (prolan) gonadotropic hormones 
are relatively stable to C3'steine and cj'anide under experimental 
conditions which produce inactivation of insulin, and lead to 
disulfide reduction. 

2. Prolonged action (24 hours) and a large excess (10-fold by 
weight) of cj’anide produce partial inactivation of both hormones, 
and within the error of assaj', to the same degree. 

3. Prolonged action (48 hours) and a large excess (10-fold by 
weight) of cj'steine h 3 ’drochloride produce more than 90 per cent 
inactivation of the pituitar 3 ’^ preparation under experimental 
conditions which produce 65 to 85 per cent inactivation of prolan. 

4. These results are not in accordance with the view that the 
disulfide linkage is a component of the active group in the pituitary 
hormone but not in the urinar 3 ' hormone. 
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RACEMIZATION OF GLUTAMIC ACID WITH HEAT 

Bt L. EARLE ARNOW and JEANETTE C. OPSAHL 

{From the Laboratory of Physiological Chemistry, University of Minnesota, 

^linncapolis) 

(Received for publication, April 15, 1940) 

Recently we have been confronted with the problem of prepar- 
ing dZ-glutamic acid in large quantities. Several methods of 
racemizing i(-{-)-glutamic acid have been described (1-5), but 
none of them appears to be suitable for large scale production in 
the ordinary chemical laboratorj'. Abderhalden and ICautzsch 
(6) have investigated the conversion of glutamic acid to pjTroli- 
donecarboxylic acid by means of heat. They found that dl- 
pyrrolidonecarboxylic acid could be prepared by heating ((+)- 
glutamic acid for some time at 180-200° <fZ-Glutamic acid 
hydrochloride was formed when the inactive pyrrolidonecarbo.xylic 
acid was allowed to stand in hydrochloric acid solution at 37° 
for several days. Yields were not reported. We have found 
that small samples (20 gra.) of Z(-f-)-glutamic acid can be con- 
verted to dZ-pyrrolidonecarboxylic acid by heating the glutamic 
acid at 190-195° for 3 hours. In general, larger samples require 
longer periods of heating for complete racemization. For ex- 
ample, when 500 gm. of glutamicacid were heated in a liter beaker, 
5 to 6 hours were necessary. Subsequent hydrolysis of the dl- 
pyrrolidonecarboxylic acid gives dZ-glutamic acid in good yield 
(70 per cent). 


EXPERIMENTAL 

Preparation of dl-Glulamic Acid Hydrochloride — 200 gm. of 
^(+)-glutamic acid were placed in an oven at 190-195°. After 
melting had taken place, heating was continued for 3.5 to 4 hours. 
Before the brown mass had solidified, it was dissolved in 300 cc. 
of hot 20 per cent hydrochloric acid, and the hot solution was 
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Racemization of Glutamic Acid 


filtered through glass. The filtrate was boiled under a reflux 
for 4 hours, after which it was allowed to stand at room tempera- 
ture until crystallization had begun, 200 cc. of concentrated 
hydrochloric acid were now added. The mixture was placed in a 
refrigerator at —10° overnight. ^ The next day, the precipitated 
glutamic acid hydrochloride was filtered off. After it was washed 
with absolute ethyl alcohol and ether, the ether was allowed to 
evaporate and the material was dried in a desiccator over calcium 
chloride. Yield, 208.7 gm, (83 per cent); m.p.,^ 198°. (Abder- 
halden and Kautzsch (6) give 200° as the melting point of dl- 
glutamic acid hydrochloride.) A solution made by dissolving 
0.5013 gm. in 15 cc. of 9 per cent hydrochloric acid was optically 
inactive (2 dm, polarimeter tube). 

If pure d^-glutamic acid hydrochloride is desired, it can be 
prepared by recrystallization of the crude material from 20 per 
cent hydrochloric acid. 

Preparation of dl~Glutamic Acid — 208 gm. of the crude dl- 
glutamic acid hydrochloride described above were dissolved in 
250 cc. of hot water, and the solution vras decolorized with char- 
coal. After cooling, 455 cc. of approximately 2.5 n sodium 
hydroxide were added. The solution now gave a greenish yellow 
color with brora-cresol green. After the mixture had remained 
overnight in the ice box, the crystalline glutamic acid was filtered 
off and dried. The mother liquor, which now gave a blue color 
with brom-cresol green, was readjusted to the proper acidity wth 
10 cc. of concentrated hydrochloric acid, and a second small crop 
of crystals was obtained. The total glutamic acid isolated was 
152.4 gm. (92 per cent; over-all yield, 76 per cent). This material 
was purified by recrystallization from 900 cc. of water. Yield, 
140 gm. (over-all yield, 70 per cent) ; m.p., 198°. (Fischer, Kropp, 
and Stahlschmidt (1) give 199° (corrected) as the melting point 
of di-glutamic acid.) A solution prepared by dissolving 0.5510 
gm. in 15 cc. of 9 per cent hydrochloric acid was optically inactive 
when it was read in a 2 dm. polarimeter tube. 

1 The yield will be nearly as high if crystallization takes place at 0° 

^ The melting points reported in this paper were determined with the 
Fisher-Johns apparatus (Fisher Scientific Company, Pittsburgh) and are 
uncorrected. 
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SUXntARY 

A convenient procedure for the racemization of f(+)-gIutamic 
acid is described. It involves the formation and racemization of 
pyrrolidonecarboxj'Iic acid vith heat, with subsequent hydrolysis 
of the d/-pyrrolidonecarboxylic acid to give d/-glutamic acid. 
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STUDIES IN PROTEIN METABOLISM 

Xin. THE METABOLISM AND INVERSION OF d(+)-LEUCINE 
STUDIED WITH TWO ISOTOPES* 

By S. RATNER, RUDOLF SCHOENHEIMER, and D. RITTENBERG 

(From Ihc Dcparlmenl of Biochemistry, College of Physicians and Surgeons, 
Columbia Unirersily, A'otr York) 

(Received for publication, April 2, 1940) 

In a recent publication (1) it has been shott-n, with the aid of 
deuterium and N**, that during the biological conversion of 
d(— )-phenylaminobut 3 Tic acid into the acetyl derivative of its 
l{+) form most of the nitrogen originall}' attached to the amino 
acid was removed and replaced bj- nitrogen from other sources. 
Phenj-laminobutj-ric acid is not a phj'siological compound and is 
not found in proteins. It is acetjdated and excreted in the urine. 
In work on the “inversion” of this compound one follows simul- 
taneouslj' the process of acetjdation. Both processes affect the 
a-amino group of the amino acid. 

The ability of animals to invert phj'siological amino acids of 
“unnatural” configuration has been definitely’’ established (see 
discussion in (1)). Most experiments have been carried out with 
indispensable amino acids. Conrad and Berg (2) have followed 
the inversion of histidine directlj' bj’ replacing in the diet of grow- 
ing animals the “natural” histidine bj”^ its unnatural isomeride. 
From the proteins of the animals onij' natural histidine could be 
isolated, a finding demonstrating the inversion of the unnatural 
histidine. Almost all other experiments on inversion of indis- 
pensable acids (methionine (3, 4), phenylalanine (4), tryptophane 
(5), etc.) were based on growth cur^’es. All these studies were 
thus carried out with animals that were in special need of the 
natural form of the amino acid and demonstrated that immature 
rats are able to derive the missing amino acids by inversion. 

* This work was carried out with the aid of grants from the Josiah 
Macy, Jr., Foundation and the Rockefeller Foundation, 
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Metabolism of d{ +)-Leucine 


The isotope method makes it possible to investigate such 
processes in adult full grown animals on their ordinaiy stock diet: 
If the unnatural form of the amino acid, containing isotope, is 
added to the diet, and its natural isomeride is isolated from the 
protein, the presence of isotope in the latter is proof of inversion. 

We have recently described experiments with i(— )-leucine 
(6), which was obtained b}’’ resolution of a sjmthetic racemic prod- 
uct containing two independent isotope markers, deuterium at- 
tached to the carbon chain and N’® in the amino group. In the 
present study the metabolic fate of d(-f-)-leucine obtained from 
the same racemic preparation was followed under exactly the same 
conditions: weight of animals, basic diet, amount of leucine 
added, and duration of experiment. To facilitate comparison in 
Tables I to V we include the values obtained Avith Z(— )-leucine. 
The procedures for the isolation of amino acids were also prac- 
tically the same, bbt we have not attempted to isolate as many 
pure amino acid samples as in the experiment with natural leucine. 

In recent work on intermediary metabolism, compounds have 
been given with isotope contents ranging from 1.2 to 6.7 atom per 
cent N'®. The isotope concentrations observed in compounds 
isolated from the animals are a function of those in the material 
administered. For comparison it is preferable to refer them to a 
uniform basis. The values in the present paper are accordingly 
calculated as for 100 per cent in the nitrogen, and 100 per cent 
deuterium in the hydrogen of the compounds fed. This form of 
presentation has the advantage that it shoAA'-s directly what part 
of the biological reaction product is derived from the administered 
material. If after feeding leucine with “100” atom per cent 
glutamic acid isolated from the proteins contains “2.0” atom per 
cent this means that a minimum of 2 per cent of the glutamic 
acid nitrogen is derived from the leucine administered. The same 
reasoning applies to work with deuterium. If d(-l-)-leucine rvith 
“100” atom per cent deuterium is given, and Z(— )-leucinc iso- 
lated from the protein contains “13” atom per cent deuterium, 
this means that at least 13 per cent of the natural leucine in the 
protein is derived from the unnatural enantiomorph. 

Balance of Nitrogen of d{+)-Leucine — The balance of the 
nitrogen of both leucine isomers is given in Table I. The absori> 
tion of the unnatural compound from the intestinal tract Avas as 
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good as that of the natural one. However, much less of the iso- 
topic nitrogen was retained, and twice as much was excreted with 
the urine (58 per cent compared with 27 per cent). The amount 
of nitrogen introduced into the proteins, though considerable, was 
correspondingly less. The nitrogen of the unnatural isomer is 
thus not as well utilized as that of the natural one. 

"Relative Adivity” of Organ Proteins (Table 11 ) — The proteins 
of all organs have “accepted” nitrogen from the imnatural leucine. 
As was to be expected from the results of the balance (Table I), 
the concentration of isotope in the proteins of the organs was in 
almost every case lower than after feeding of the natural material. 

Table I 

Balance of Nilrogen Isotope after Feeding Isotopic Leucine 
The values were calculated from the total nitrogen of the fractions and 
their isotopic concentration. 




1 Administered found in different 

1 fractiDns after feeding 



rf(+)-Lencine 

f(— )*Leudne 



per cent 

per cent 

Excreta 

Feces 

1.7 

2.1 


Urine 

58.3 

27.6 

-Animal body 

Non-protein N 

11.7 

7.8 


Protein 

34.4 

57.5 

Total isotope recovered 

106 

95 


However, the relative activity was about the same for all organs. 
Isotope concentration was highest in the plasma, that in the 
viscera intermediate, and that in ersrthrocytes, muscle, and skin 
was low. 

Inversion of d(+)-Leucine — ^The proteins (after extraction 
with trichloroacetic acid) were hydrolyzed, and leucine was 
isolated from the proteins of the liver and of the rest of the body. 

The isotope analyses of the leucine preparations are included in 
Table III. The deuterium content (last line. Table III) in the 
leucine indicates that the carbon chain has been utilized; i.e., 
the leucine was inverted and a considerable amoimt introduced 
into the proteins. The amount of leucine carbon chain introduced 
into the liver after the unnatural form is fed is only about 20 per 
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cent lower than that after the natural isomer. At least 9.8 per 
cent of the carbon chain of the leucine in the liver proteins was 
derived from the unnatural leucine of the diet.^ 

On the other hand, the concentration in the leucine from 
the proteins was very low when compared with the results of the 
feeding of Z(— )-leucine. Though a considerable amount of the 
carbon chain was utilized, most of the nitrogen must have been 

Table II 

Concentration in Protein Nitrogen of Blood and Organs from Rats Given 

Isotopic Leucine 

The values are calculated for a concentration of 100 atom per cent N'* 
in the administered leucine. 


Fraction 

N“ concentration after feeding 

d(-t-)-LoucinD 

i(— l-Leucine 


atom percent 
JV'* exeat 

ofom per cent 
‘zeess 

Blood plasma 

1.16 

1.65 

Erythrocytes 

0.28 

0.29 

Liver 

0.89 

0.93 

Intestinal wall 

0.76 

1.48 

Kidney 

0.97 

1.36 

Heart 

0.89 

Spleen 

0.62 

1.10 

Testes 

0.76 

Skin 

0.13 

0.18 

Muscle 

0.25 

0.33 

Carcass 

0.24 . 

0.46 


■ — 


The error of the.analysis of is ±0.003 atom per cent when concen- 
trations of normal abundance are measured. The error in the calculated 
values is about 20 times higher; i.e., ±0.06 atom per cent excess. 


replaced by nitrogen from other sources. The finding of replace- 
ment of original nitrogen during inversion is similar to that 
observed with phenylaminobutyric acid (1). The probable 
mechanism responsible for the replacement is discussed later. 

Activity of Amino Groups in Amino Acids of Proteins In 
Table III are also given the concentrations of a number of 

' The casein of the diet contained an equivalent amount of "natural” 
leucine. According to our earlier experiments a considerable amount of 
this material must also have been deposited. 
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amino acids isolated from the proteins of the liver and the rest of 
the body. Almost all amino acids investigated contained nitro- 
gen isotope, but less than after the feeding of 7(— )-leucine. Argi- 
nine is an exception. Its higher isotope content after the feeding 
of the unnatural form of leucine may be associated vith the more 
extensive production of isotopic urea. It was shown in previous 

:=NH^ 

Table III 

Isotope Concentration in Protein Constituents from Rats Given Isotopic 

Leucine 

The values are calculated for an isotope concentration (N*® or D) of 
100 atom per cent in the administered leucine. 



In liver protein after 
fe^ng 

In carcass protein after 
feeding 


1 <f(+> 

1 Leuone 

, Leuemo 

! d(+)- 

1 Leucine 

Leuane 

Amide nitrogen 

atom per 
centN^ 
esuii 

2.45 

atom per 
cent 
enceei 

0.78 

; atom per 
! centN^ 
excest 

0.77 

atom per 
centfi^ 
eseiit 

Glycine 

0.55 

0.73 

0.14 


Tjrosine 

0.50 

0.11 

0.20 

Aspartic acid 

1.03 

1.16 

0.24 

0.70 

Glutamic “ 

1.33 

1.85 

0.17 

0.89 

Arginine 

1.19 

0.89 

0.24 

Leucine . . . 

0.77 

7.92 

0.25 

1.90 

1 

Leucine 

atom per 
cenlD 

9.77 

atom per 
centD 

12.22 

otori per 
ctniD 

1.52 

<dom per 
centD 

3.33 



The error is discussed in Table II. 


papers (see discussion in (6)) that the amidine f NHiC 

V ! 


group of arginine, which according to Krebs and Henseleit (7) is an 
intermediate in urea formation, always contains considerable con- 
centrations of isotope when isotopic amino acids are administered. 
It is of interest that in this experiment, as in all our others, 
glutamic acid has a high isotope concentration. The restilts defi- 
nitely prove that the imnatural leucine has jdelded nitrogen to 
other a min o acids. 

It has been shown that natural leucine, like many other amino 
acids, is involved in a process of continuous deamination ^ 
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amiuation. TIio present result thus differs only quantitatively 
from that obtained after feeding of natural leucine. 

The comenimtion in ihc leucine of the liver is lower than Ikl 
in the glutamic acid, aspartic acid, and arginine. As leucine is 
involved in the process of amino shift, it takes up nitrogen from 
any source that yields nitrogen; i.e., from almost all amino acids. 
It has been shown that not only’- tlie nitrogen of administered 
natural amino acids, but even that given in the form of ammonia 
(8) is introduced to some extent into the amino acids of proteins. 
Some of the nitrogen originally attached to d(+)-leucine after its 
removal must thus have found its way back to leucine in the course 
of continual deamination amination. The presence of small 

Table IV 

Concentration in Urinary Ammonia and Urea from Rais Given Isotopic 

Leucine 


The values are calculated for a concentration of 100 atom per cent N'* in 
the administered leucine. 



- 

j N** concentration after feedioB 

df+l-Lcucine 

l(-)-Lcucine 

i 

Urea 

atom per cent 
Nn excess 

4.19 

15.76 

atom percent 
W** excesi 

2.43 

3.90 

Ammonia i 

1 


The error is discussed in Table II. 


amounts of N^® in the leucine of the proteins thus cannot be taken 
as indication that any of the original nitrogen had stayed attached 
to the carbon chain during the process of inversion. The values 
in Table III taken together mahe it appear highly probable that all 
of the nitrogen originally attached to leucine became detached from 
the carbon chain during the process of inversion; i.e., the d(+)- 
leucine had been completely deaminated. In the second stage 
of the reaction, amination, a small amount of isotopic nitrogen 
became reincorporated to form l{ — )-leucine. 

Amide Nitrogen — The concentration of isotope in the amide 
nitrogen from the proteins of liver and body was not only higher 
than that found after the natural leucine was fed, but also con- 
siderably above that of the other amino acids. According to 
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Leuthardt (9) and Bach (10), the amide group of glutamine as well 
as the amidine group of arginine is involved in urea formation. 
The present finding of exceptionallj' high isotope concentration in 
both groups may be related to the diminished utilization of the 
isotopic a mi no acid nitrogen and its increased excretion as urea 
(Table 

According to Rose (11) leucine, which is an indispensable 
amino acid, can be replaced in the diet of growing rats by the 
corresponding a-h 3 ’droxy and a-keto acids. However, the im- 
natural isomer, d(+)-leucine is reported not to be a substitute 
for the natural form. The present results show that, while d(+)- 
leucine is converted into the natural isomer in adult animals on an 
ordinarj' diet, it is not quite as “effective” as its natural analogue 
in regard to deposition and nitrogen shift. The differences be- 
tween the results of Rose and ours maj" be due to a difference in 
the age of the animals, or to the mode of e.xperimentation. 

EXPERIilEOTAL 

Preparation of d{+)-Leucine (N^W ) — The resolution and isola- 
tion of pure Z(— )-leucine from the racemic isotopic mixture have 
been described in detail (6). The d{+) isomer was obtained from 
the alcohol-insoluble brucine salt of formj’Ueucine. In order to 
remove any contaminating isotopic Z(— ) isomer, the washing out 
procedure analogous to that used for the purification of the 
natural isomer was emploj'ed. The (f(-l-)-leucine (8.83 gm.) 
finally obtained contained 10.74 per cent N (Kjeldahl), 6.32 atom 
per cent excess, and 3.48 atom per cent D. [or]n^ = —15.3° 
(3.887 per cent in 20 per cent HCl). 

The Z(— ) isomer after the washing out procedure was reported 
to contain 6.54 atom per cent N*® excess and 3.60 atom per cent 
deuterium. 

Feeding Experiment — Four male rats of 1278 gm. total weight 
were kept in separate cages for 8 daj's on the same stock diet as 
used previouslj\ For the following period of 3 daj's, isotopic 
d(-i-)-leucine was added to the diet. A mixture containing 2.565 
gm. of the amino acid and 171 gm. of diet was completeh" con- 
sumed during the experimental period. The animals maintained 
a constant weight (the weight at the end of the experimental 
period was 1285 gm.). The excreta were collected quantitati%’elj'. 
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The animals were killed by exsanguination. The procedure of 
investigation of excreta and tissues was the same as that previ- 
ously described. 

Excreta — The combined urines contained 3.35 gm. of total nitro- 
gen with 0.302 atom per cent excess. A sample of ammonia 
was obtained by aspiration of the alkaline mixture, and urea was 
obtained by precipitation with xanth 3 '^droI.- The isotope concen- 
tration in the two fractions obtained after administration of natu- 
ral and unnatural leucine is given in Table IV. 

The results indicate that a much larger fraction of the ammonia 
was derived from the unnatural than from the natural leucine. 

Table V 


Concentration in Non-Protein Nitrogen of Organs from Rais Given 

Isotopic Leucine 


The values are calculated for a concentration of 100 atom per cent 
in the administered leucine. 


Na concentration after feeding 




Liver 

atom percent 
Jfii excess 

1.84 

atom per cent 
JVa exeesi 

1.24 

Intestinal wall 

2.55 

1.82 

Kidney 

1.98 

1.34 

Skin 

0.35 

0.41 

Muscle 

0.63 

0.46 

Carcass 

0.62 

0.57 



The error of the analj’^ses is discussed in Table II. 


This is probably the result of the rapid deamination of tlie un- 
natural isomer by d-amino oxidase present in the kidney (12). 

The feces contained a total of 0.644 gm. of nitrogen with 0.046 
atom per cent excess. 

Investigation of Organs — The organs were exhaustively extracted 
with 6 per cent trichloroacetic acid, and the insoluble fraction 
(protein) and the soluble fractions (non-protein nitrogen) were 
analyzed. The isotope concentrations in the non-protein nitrogen 
fractions (Table V) in contrast to those of the protein nitrogen 

= The authors are indebted to Dr. Samuel Graff for isolation of ureft 
samples. A study of the formation of ammonia and urea from isotopic 
ammonia and amino acids will be published in a forthcoming paper. 
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(Table II) of liver, intestinal wall, and kidney are somewhat higher 
than the concentrations obser\'ed after the natural leucine was 
fed (see also Table I). 

The protein fractions were each hydrolj’-zed in 20 per cent HCl 
for 24 hours. Small aliquots of all fractions were taken for esti- 
mation of nitrogen and The isotope balance given in Table I 
was obtained from the following values by calculation. 

Liter, protein 1.132 gm. of N with 0.056 atom per cent N'‘ excess, non- 
protein N 0.120 gm. of N with 0.116 atom per cent N“ excess. Intestinal 
tract, protein 0.574 gm. of N with 0.048 atom per cent excess, non- 
protein N 0.084 gm. of N with 0.161 atom per cent N*' e.xce*ss. Kidney, 
protein 0.223 gm. of N with 0.061 atom per cent N'‘ excess, non-protein N 
0.029 gm. of N with 0.125 atom per cent N*‘ excess. Spleen, protein 0.117 
gm. of N with 0.039 atom per cent N“ excess, non-protein N 0.018 gm. 
of N with 0.112 atom per cent excess. Skin, protein 0.716 gm. of N 
with 0.008 atom per cent N'* excess, non-protein N 0.121 gm. of N with 
0.022 atom per cent N“ excess. Mvscle, protein 0.779 gm. of N with 0.016 
atom per cent N‘® excess, non-protein N 0.101 gm. of N with 0.04 atom per 
cent.N** excess. Remaining carcass, protein 29.57 gm. of N with 0.015 
atom per cent N'‘ excess, non-protein N 4.20 gm. of N with 0.039 atom per 
cent N** excess. Blood serum, total N 0.179 gm. of N with 0.073 atom per 
cent N“ excess. Erythrocytes, total N 0.745 gm. of N with 0.018 atom per 
cent excess. 


The amino acids listed in Table III were isolated according to 
procedures pre^douslj' described (6). The purity was determined 
by Kjeldahl nitrogen estimation. 

Glycine (toluenesulfonyl derivative) from carcass, m.p. 147°, N 6.21 per 
cent, 0.009 atom per cent N*®; from liver, m.p. 147°, N 6.18 per cent (cal- 
culated 6.11 per cent), 0.035 atom per cent N'® excess. Tyrosine from 
carcass, N 7.79 per cent (calculated 7.74 per cent), 0.007 atom per cent N*® 
excess. Aspartic acid (as anhydrous copper salt) from carcass, N 7.01 
per cent (calculated 7.18 per cent), 0.015 atom per cent N*® excess; from 
liver, 0.065 atom per cent N‘® excess. Glutamic acid (the hydrochloride) 
from carcass, N 7.39 per cent (calculated 7.60 per cent), 0.011 atom per 
cent N*® excess; from liver, 0.084 atom per cent N®® excess. 

Arginine from the liver was isolated as the flavianate and 
recrystallized from water. It was decomposed for N*® analysis 
by extraction of an acidified solution with butyl alcohol. It con- 
tained 0.075 atom per cent N‘®. 

Leucine was isolated from the combined livers and from the 
remaining carcasses via the insoluble copper salts. 55 mg. were 
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obtained from the liver; N 10.42 (calculated 10.68 per cent). It 
contained 0.34 ± 0.08 atom per cent deuterium and 0.049 ± 0.004 
atom per cent N*® excess. 1.75 gm. were obtained from the re- 
maining carcass ; [q;]d = -|-17.1°. It contained 53.12 per cent C, 
9.51 per cent H, 10.78 per cent N, and 1.98 per cent S. The data 
indicate a contamination with 9.2 per cent of methionine. The 
material contained 0.053 atom per cent deuterium and 0.016 atom 
per cent excess. 

Amide nitrogen from the carcass contained 0.049 atom per cent 
excess; from liver, 0.155 atom per cent excess. 

SUMMARY 

1. Small amounts of leucine of unnatural steric configuration, 
d(-b)-le\icme, were added to the stock diet of four adult rats for a 
period of 3 days. The amino acid contained deuterium as a 
marker of the carbon chain and N’® in the amino group. The 
experimental conditions were otherwise the same as those, reported 
previously, when natural leucine was given. 

2. The material was well absorbed. Considerably more of the 
marked nitrogen was excreted in the urine than was observed in 
the corresponding experiment with 3(— )-leucine. The amount of 
isotopic nitrogen introduced into tissue proteins was correspond- 
ingly less (34 per cent instead of 57 per cent). All organs had 
taken part in the “acceptance” of isotopic nitrogen. 

3. Amino acids (glycine, tyrosine, aspartic acid, glutamic acid, 
and arginine) isolated from the proteins of the animals contained 
isotopic nitrogen, indicating that unnatural leucine, like its natural 
isomer, yields nitrogen for the process of amino shift among amino 
acids. 

4. Leucine isolated from the proteins of liver and the rest of the 
body had a considerable content of deuterium, indicating that the 
carbon chain of the unnatural leucine was used for the formation 
of natural leucine. The result is proof of the inversion of d(+)- 
leucine in normal adult animals. 

5. In contrast to the high deuterium content, the leucine prepa- 
rations contained only very low concentrations of N*®, lower than 
in many other amino acids from the same proteins. The result 
is explained by assuming that inversion took place in two stages: 
the compound was first completely/ deaminized; in the second stage 
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(asjTnmetrical amination) nitrogen from other amino acids was 
used. In this second part of the reaction a small amount of 
nitrogen, liberated from the isotopic amino acid, was reintroduced. 
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STUDIES IN PROTEIN METABOLISM 

XIV. THE CHEMICAL INTERACTION OF DIETARY GLYCINE 
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It has been found with the aid of isotopes that the nitrogen of 
some dietary amino acids (dZ-tjwosine (1), Z(— )-leucine (2), 
d(+)-Ieucine (3), and even ammonia (4, 5)) enters into various 
chemical reactions which proceed normally •with the body proteins. 
In the course of these processes a large fraction of the dietary 
nitrogen becomes fi.\'ed in the proteins. The nitrogen excreted by 
animals in nitrogen equilibrium is not merely that of the diet but 
a sample of the metabolic pool originating from interaction of 
dietary nitrogen -with the relatively large quantities of reactive 
protein nitrogen. 

When isotopic df-tyrosine or isotopic 1(— )-leucine ■w'as given 
as a minor component of the diet to non-growing animals in 
nitrogen equilibrium, the corresponding amino acids (tyrosine, 
leucine, etc.) isolated from the body protein had a very high 
isotope concentration, indicating a replacement of amino acids 
in the proteins by the same type of free amino acids. Amino 
acids other than those administered, i.e. glycine, glutamic acid, 
aspartic acid, etc., had a lower but appreciable concentration. 
Nitrogen originally attached to the carbon skeleton of leucine or 
tyrosine must have been removed and attached to other chains to 
form new amino acids. These in tium must have replaced the 
same type of amino acid in the proteins. Glutamic and aspartic 
acids always had a higher isotope concentration than other amino 

• This work was carried out with the aid of grants from the Josiah Macy, 
Jr., Foundation and the Rockefeller Foundation. 
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acids, indicating a high metabolic activity of these protein con- 
stituents. The continuous process of deamination and aminatiou 
at the a-carbon atom was observed to occur not only with dis- 
pensable amino acids but also with some indispensable ones such 
as leucine and histidine (6). The amino acid lysine seems to 
play an exceptional role; in contrast to the other protein constit- 
uents thus far investigated, lysine is never found to contain ni- 
trogen from other amino acids. 

Besides the a-amino group, two other nitrogenous groupings of 
the proteins were found to be involved in continuous reactions, 
the amide group and the amidine group of arginine. As free 
arginine (7) and glutamine (8, 9) have been shown in vitro to 
play a role in urea formation, the presence of isotope in the amide 
and amidine groups of the proteins was taken as indication that 
these parts of the protein molecule play an analogous role in vivo, 
probably in connection with continuous liberation and reintro- 
duction of the amino acids to which they are attached. 

The process of transfer of nitrogen from ond amino acid to others 
is very rapid. The amount of isotopic nitrogen incorporated in 
the protein by this transfer process is much higher than that which 
enters the protein in conjunction with the carbon chain of the 
same amino acid to which the isotopic nitrogen was originally 
ttached. When Z( — )-leucine Avas administered, only one-third 

the isotopic nitrogen in the total protein Avas found attached to 
the leucine carbon chain; the remaining tAVO-thirds Avas present 
in other protein constituents. Similar results Avere obtained after 
dZ-t 3 a’Osine AA-^as fed (1). All the reactions indicated Avith isotopes 
must have been so balanced as to avoid changes, for the total 
amounts and structure of the various proteins remain constant 
Avithin narroAv limits in non-growing, normal animals. 

In the present study, the fate of glycine in normal rats has 
been investigated under conditions analogous to those of the 
pre\dous experiments. Four full groAvn rats Avere given our cus- 
tomaiy stock diet, the protein of AA'^hich is casein. This protein 
contains not more than traces of glycine (10). For a period of 
3 days a moderate amount of isotopic glycine corresponding to 
23 mg. of N per rat per day Avas added to the diet. After the 
animals had consumed the mixture, they Avere killed by exsangui- 
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nation and the bodies worked up in a manner similar to that of 
the previous experiments. 

The amount of nitrogen (23 mg. per rat per day) added as 
glycine to the diet is the same as that added to the same basic 
diet in pre\dous experiments (tyrosine (1), Z(— )-leucine (2), 
d(+)-leucine (3), ammonium citrate (5)). The results of all 
these experiments are thus directly comparable when calculated 
as outlined in Paper XIII (3) for 100 atom per cent N'^ in the 
compound (in this case glj’cine) added to the diet. 

Table I 

Balance of Nitrogen Isotope after Feeding Isotopic Glycine 


The values were calculated from the total nitrogen of the fractions 
and their isotopic concentration. The animals consumed 879 micro- 
equivalents* of Is'® e.xccss. 



1 

i . _ 

Fraction of 
administered 



■| 

j -n\cr^ 

1 tqftiiicXcnU* 

per caU 

Excreta 

Feces 

! 22 

2.5 


Urine 

i 357 

40.6 

Animal body 

Non-protein N 

: 102 

11.6 


Protein N 

390 

44.3 

Total isotope recovered. . 


• 1 871 

j 99.0 


* 1 microequivalent of N‘® = 15 -y of N'®. 


The fate of dietary glycine m'trogen was found to be generally 
the same as that of the other compounds investigated. Some 
processes, namely excretion and the introduction of nitrogen into 
amide and amidine groups, seem to be somewhat faster, while 
the transfer to ct-amino nitrogen may be somewhat slower. These 
quantitative differences will be discussed later. 

Balance of Glycine Nitrogen — The excreta were quantitatively 
collected and investigated as described before. The tissues of the 
ammals were exhaustively extracted’ with 6 per cent trichloro- 
acetic acid. The total amount of nitrogen and the isotope content 
of each fraction were determined. In Table I is given the dis- 
tnbution of isotopic nitrogen, i.e. of ingested glycine nitrogen. 
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among the different fractions. The material was well absorbed' 
but only 41 per cent of the administered marked nitrogen appeared 
in the urine. Most of the remainder (44 per cent) had replaced 
nitrogen in the proteins and a small amount (11 per cent) was 
recovered in the non-protein nitrogen fraction. The total re- 
covery of isotope was good.^ The present findings taken together 
with the similar results obtained when other isotopic compounds 
were fed convince us that we are dealing with a reaction typical for 
most dietary amino acids. 


Table II 

Concentration in Protein Nitrogen of Blood and Organs from Rats Given 

Isotopic Glycine 


Organ 

Total N 

Amount of N“ 

N*® concentration* 


milliequivatents 

miCToequitaUnts 

atom percent 
cjceea 

Erythrocytes 

61.2 

12.2 

0.44 

Serum 

16.1 

12.9 

1.77 

Liver 

79.9 

50.3 

1.40 

Intestinal tract 

32,0 

14.1 

0.97 ■ 

Brain 

7.4 

1.3 

0.38 

Carcassf 

2302.0 

299.3 

0.29 

Total 

2498.6 

390.1 



The error of the analysis of N*® is ±0.003 atom per cent N*® when con- 
centrations of normal abundance are measured. The error in the calcu- 
lated value is about 20 times higher; i.e., ±0,06 atom per cent excess. 

* The values in this column are calculated for an concentration of 
100 atom per cent in the glycine added to the diet. 

t This fraction represents all the remainder of the body. 

Relative Activity of Organ Proteins — In Table II are given the 
isotope concentrations in the nitrogen of different organs. It was 
pointed out before (2) that these values indicate the relative 

^ It is highly questionable whether the small amount of isotope in the 
feces found in all such experiments represents unabsorbed food material. 
It is more probable that the isotopic nitrogen had entered the intestinal 
lumen with the proteins of the intestinal secreta, which, like the proteins 
and the other nitrogenous constituents of the animals, must have con- 
tained 

® The precision of recovery (99 per cent) of the isotope is fortuitous. 
We estimate the error of such balances to be ±10 per cent. 
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chemical acthity of the proteins in regard to the acceptance of 
glycine nitrogen. The results with glycine are thus similar to 
those -with leucine (2, 3 ) ; the proteins of serum, liver, and intestinal 
tract have a high “acti\dt 3 ’,” while that of the erjdhrocj'tes (hemo- 
globin) and of the muscle and skin (carcass) is low. The latter 
organs, however, plajmd the most important role in the total 
replacement process, owing to their large size and their high total 
nitrogen content. 

Replacement of Glycine in Proteins by Dietary Glycine — ^The 
proteins of liver, intestinal tract, and the combined proteins of 

Tabix III 

Coneentralion in Protein Consliluenls from Rats Given Isotopic Glycine 


The values are calculated for an N'* concentration of 100 atom per cent 
in the felycine added to the diet. 



Liver 

Intestinal 

tr^ 

Carcass 

Glycine 

atom ferctnt 
ezcat 

8.86 

otcm cent 

esccas 

4.22 

atom per cent 
esecaa 

1.04 

Tyrosine 

0.47 

0.13 

-Arginine 

0.78 


0.09 

Omitlune from arginine 

0.24 


Ammonia “ “ 

1.53 



Glutamic acid 

0.89 


0.27 

Aspartic “ 

0.73 


0.20 

Amide N 

1 44 

1 


0.56 


1 


The error is discussed in Table II. 


muscle and skin were hydrolyzed and samples of several pime 
amino acids isolated. The N*® concentrations of these samples 
are given in Table III. The glycine isolated had an isotope con- 
centration much higher than that of any other protein fraction, 
indicating the direct introduction of glycine. In the previous 
experiment with leucine the incorporation into the proteins of 
the carbon chain was established by the presence of an independent 
isotope, deuterium. This mode of experimentation is not feasible 
in the case of glycine, as the hydrogen atoms of its methylene 
group are "semilabile” (11-13), but the parallelism in the results of 
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this and the earlier experiments leaves no doubt as to its inter- 
pretation. 

The values given in Table III indicate that in the 3 day period 
a minimum of 8.8 per cent of the glycine present in the liver 
proteins has been replaced by dietary glycine. The corresponding 
values for intestinal tract and for muscle and skin are 4.2 and 1 
per cent respectively. This calculation presupposes that none of 
the isotopic nitrogen originally attached to the carbon chain had 
been replaced by normal nitrogen from other sources. The ni- 
trogen of glycine is, however, involved in such transfer processes 
(see below). Part of the isotope must have been replaced by 
normal nitrogen in the course of these reactions. The amounts 
of glycine carbon chain newly introduced into the proteins must 
thus have been higher than is indicated by the concentration of 
nitrogen isotope. 

While these values indicate how much of the glycine in the pro- 
tein had been replaced, they do not indicate what fraction of the 
dietary glycine became incorporated in the proteins. To calcu- 
late this value it is necessary to know the total amount of glycine 
in dietary and animal proteins in addition to their isotope con- 
tents. All data except the content of glycine in the total protein 
of rats are known. We have determined the latter by the “iso- 
tope dilution” method (14), in a manner analogous to the de- 
termination of leucine in rat protein (2). The nitrogen of the 
total protein of rats was found to contain 10.1 per cent of glycine 
nitrogen. On the basis of these data it was calculated that a 
minimum of 13 per cent of the dietary glycine was directly intro- 
duced in the proteins as glycine. This value is also based on the 
assumption that no isotope in the glycine has been replaced by 
\ normal nitrogen. The actual amounts introduced must have 
' been higher. 

Glycine is a dispensable amino acid and can be synthesized by 
rats (15). It is probable that newly synthesized glycine in addi- 
tion to that of the diet also takes part in the replacement process. 

Activity of a- Amino Group — The nitrogen of tyrosine, glutamic 
acid, and aspartic acid (Table III) contained considerable concen- 
trations of isotopic nitrogen. In agreement with all earlier 
experiments, the concentration of in glutamic acid is highest. 
These findings indicate that these amino acids had accepted nitro- 
gen originally present in glycine. This is additional evidence for 
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the occurrence of continuous nitrogen shifts in the a-amino groups 
of the amino acids of proteins. As stated in previous papers 
(1, 3), this tjTJe of e-xperiment does not disclose the mechanism 
responsible for the nitrogen transfer (sjmthesis and degradation 
of amino acids, transamination, reductive amination of keto acids 
in the presence of ammonia, etc.). 

Ornithine isolated from the arginine contained a small but 
significant concentration of isotope. The marker may have been 
located in the a-, S-, or both amino groups. Ammonia liberated 
from arginine by treatment ^\'ith alkali contained a rather high 
concentration of isotope. This nitrogen must have been present 

in the NHj — C=NH (amidine) group of arginine. The amide 
nitrogen of the proteins had about the same isotope concentration. 
These hi^h concentrations in both fractions maj' be correlated with 
the formation and excretion in the urine of somewhat larger 
amounts of isotope in the form of urea than was found after 
addition of other natural amino acids. The role of protein argi- 
nine in urea formation has been discussed e.xtensively before (1, 2). 

Glycine As Nitrogen Donor and Acceptor — The results of the 
present e.xperiment show that glycine yields nitrogen to the 
a-amino group of other amino acids. In earlier experiments when 
isotopic Z(— )- or d(-i-)-leucine (2, 3) or ammonia (4, 5) was 
given, the glycine isolated from the proteins contained marked 
nitrogen. Glycine thus belongs to the group of amino acids which 
yield as well as accept nitrogen from other compoimds. As 
mentioned before, the mode of transfer is not yet established. 
In the case of a dispensable amino acid like glycine, it is possible 
that the “acceptance” of nitrogen from other compounds occurs 
in the course of the total synthesis of the amino acid. 

The role of glycine as a precursor of body creatine has already 
been discussed in a note (16). 

EXPERIMENTAL 

Preparation of Glycine — The isotopic glycine employed in 
this experiment was prepared ^ia isotopic ethyl phthalimido 
acetate by the method previously described (17). The substance 
contained 4.50 atom per cent N*® excess. 

Feeding Experiment — Four male rats kept separately in raetab- 
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olism cages were maintained on our stock diet containing casein 
(1, 2, 5). The animals had a combined weight of 1262 gm. 
After 6 days isotopic glycine was added to the diet daily for 3 days. 
During the experimental period, 176 gm. of diet containing 1.466 
gm. of isotopic glycine, or 0.273 gm. of glycine nitrogen, had been 
consumed. The animals maintained a constant weight (their 
weight at the end of the experimental period was 1286 gm.). 
The excreta were collected quantitatively. The animals were 
killed by exsanguination. The procedure of investigation of 
excreta and tissues was the same as that described before. 

Excreta — The combined urines contained 3.91 gm. of total 
nitrogen with 0.128 atom per cent excess. A sample of am- 
monia Avas obtained by aspiration of the alkaline mixture, and 
urea was obtained by precipitation with xanthydrol.® These 
samples contained 0.148 and 0.123 atom per cent excess re- 
spectively. The feces were combined wdth the contents of the 
intestinal tract. The material contained 0.551 gm. of total ni- 
trogen with 0.057 atom per cent N‘® excess. 

Investigation of Organs — The organs were exhaustively e.x- 
tracted with 6 per cent trichloroacetic acid, and the insoluble 
fractions (protein) as well as the soluble fractions (non-protein 
nitrogen) were analyzed. The liver non-protein nitrogen con- 
tained 0.106 gni. of total nitrogen with 0.096 atom per cent N^® 
excess. The intestinal tract non-protein nitrogen contained 
0.088 gm. of total nitrogen with 0.067 atom per cent N^® excess. 
The carcass non-protein nitrogen contained 4.21 gn^ of total 
nitrogen with 0.030 atom per cent N^® excess (see Table I). 

Each of the protein fractions was hydrolyzed in 20 per cent 
hydrochloric acid for 24 hours. Small ahquots of all fractions 
were taken for estimation of total nitrogen and N^®. The N^® con- 
centrations found in the various organs in atom per cent N^® 
excess are as follows: erythrocytes 0.020, serum 0.080, liver 
0.063, intestinal tract 0.044, brain 0.017, carcass 0.013 (compare 
Table II). 

The isotope balance given in Table I was calculated from the 
nitrogen contents of each fraction and their respective N^® con- 
centrations. For the total nitrogen contents of the organs see 
Table II. 

® The authors are indebted to Dr. Samuel Graff for isolation of the urea 
samples. 
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The amino acids listed in Table III were isolated according to 
procedures previously described (2). The purity was determined 
by Kjeldahl nitrogen estimation. 

Glycine (toluenesulfonyl derivative) from carcass had a melting 
point of 147-148°, N 5.95 per cent, 0.047 atom per cent N’® e.\cess; 
from liver, m.p. 147-148°, X 6.19 per cent, 0.399 atom per cent 
N'® excess; from intestinal tract, m.p. 147-148°, N 6.21 per cent, 
0.190 atom per cent excess. Tyrosine from carcass gave 
X 7.62 per cent, 0.006 atom per cent excess; from liver, N 7.88 
per cent, 0.021 atom per cent X** e.xcess. 

Arginine was isolated as the fla^nate and recrystallized from 
water. For N*® analysis the fla\ianate was decomposed by e.x- 
traction of an acidified solution with butyl alcohol. From carcass 
0.004 atom per cent X’® excess was obtained; from liver 0.035 atom 
per cent X*® e.\cess. 830 mg. of arginine fla\'ianate isolated from 
the liver protein were degraded with an excess of barium hydroxide 
as previously described (2). A sample of the ammonia collected 
during the reaction contained 0.069 atom per cent X’* e.xcess. 
Ornithine was isolated from the reaction mixture as the mono- 
hydrochloride, which was then converted to the dibenzoyl deriva- 
tive. Yield 147 mg., m.p. 188-188.5°, X 8.33 per cent, 0.011 
atom per cent X*® excess. 

Gluiamie acid (as the hydrochloride) from carcass gave X 
7.61 per cent, 0.012 atom per cent X'® excess; from liver, X 7.88 
per cent, 0.040 atom per cent X'^ excess. 

Asparlie acid (as the anhydrous copper salt) from carcass gave 
X 7.00 per cent, 0.009 atom per cent X'^ excess; from fiver, X 7.08 
per cent, 0.033 atom per cent X'® excess. 

Amide nitrogen from carcass gave 0.025 atom per cent X'^ 
excess; from fiver, 0.065 atom per cent X*^ excess. 

Determination of Glycine in Protein of Rat — Glycine was esti- 
mated by the “isotope dilution” method (14). The trichloro- 
acetic acid-e.xtracted proteins obtained from one adult normal 
male rat were hydrolyzed by boiling under a reflux in 800 cc. of 
20 per cent hydrochloric acid for 24 hours. The solution was 
made up to a volume of 2000 cc. and 250 cc. aliquots (A and B) 
each containing 1018 mg. of nitrogen were taken for analj’sis. 
To Aliquot A was added 70.0 rag. of isotopic glycine, and to 
Aliquot B 71.1 mg. of the same preparation containing 4.56 atom 
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per cent excess. The solution was then decolorized with 
norit and concentrated to a syrup in vacuo. Glycine was pre- 
cipitated as the trioxalatochromiate as described by Bergraann 
and Niemann (18). The precipitate was dissolved in 100 cc. of 
water and the nitrogen content (6.5 mn) determined by Kjeldahl 
estimation. The solution was brought to pH 6 by addition of 
dilute sodium hydroxide, and then treated with 2.5 gm. of toluene- 
sulfonyl chloride (13 mw) dissolved in ether. The mixture was 
stirred continuously and 13 cc. of 2 n sodium hydroxide were 
added over a period of 2 hours. Stirring was continued 2 hours 
longer. The solution was extracted three times with small 
amoimts of ether, filtered, acidified with dilute sulfuric acid, and 
extracted with ether in a continuous extractor. The crystalline 
residue obtained after removal of ether was recrystallized twice 
from hot water and then twice from acetone by precipitation 
■with petroleum ether. 

From- Aliquot A 0.989 gm. of toluenesulfonyl glycine were 
obtained, m.p. 147-148°, N 6.12 per cent, 0.518 atom per cent 
N^® excess; from B, 1.030 gm., m.p. 147-148°, N 6,06 per cent, 
0.538 atom per cent excess. The amount of glycine present 
in Aliquot A may be calculated from the expression ((4,66/0.518) 
— 1) X 70.0, and was found to be 546 mg. of glycine, or 101.8 
mg. of glycine nitrogen. Analogous calculations from the results 
obtained in Aliquot B give a value of 10.2 per cent. 

Calculation of Dietary Glycine Deposited in Protein — As was 
shown above, 10.1 per cent of the protein nitrogen (34.98 gm.) 
is glycine nitrogen, which corresponds to 18.9 gm. of glycine in 
four rats. The content of the glycine isolated from the car- 
cass protein was 0.047 atom per cent N^® excess, which we assume 
in this calculation to represent the average value for the glycine 
of the entire animal, since the carcass contained most of the ni- 
trogen (see Table II). The animals consumed 1.466 gm. of iso- 
topic glycine containing 4.50 atom per cent N^® excess. The depos- 
ited glycine has, therefore, been “diluted” 96 times (4.50/0.047) 
by admixture with normal nitrogen in the carcass glycine. 197 
mg. of the body glycine must, therefore, have been of dietary 
origin; i.e., 13 per cent of the ingested amino acid has been de- 
posited in 3 days. 

Deposition of N^® in Protein Constituents Other Than Glycine — 
44.3 per cent of the isotopic nitrogen administered as glycine was 
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found in the body protein (Table I). This corresponds to 0.390 
milliequivalent of i\'^ Since 10.1 per cent of the body protein 
nitrogen was glycine nitrogen, and there were 2499 milliequivalents 
of total protein nitrogen in the body (see Table II), 252.4 milli- 
equivalents were total glycine nitrogen. This contained 0.047 
atom per cent excess, 0.119 milliequivalent of which is 
31 per cent of the total present in the body protein. The rest, 
69 per cent, must therefore have been present in other amino acids 
in the protein. 


SUMMARY 

1. Four adult non-growing rats were kept on an ordinarj* stock 
diet to which was added during the last 3 days an amount of 
glycine corresponding to 23 mg. of nitrogen per rat per day. 
The added glycine contained 4.5 atom per cent N** excess. All 
e.xperimental conditions were otherwise identical with those 
employed when the metabolism of other isotopic amino acids was 
investigated. The excreta and organs of the animals were worked 
up in the same fashion as in the earlier experiments. 

2. The glycine was excellently absorbed, but only 40 per cent 
of the isotopic nitrogen appeared in the urine. Almost all of the 
rest had replaced a corresponding amount of body nitrogen. A 
small amount (11 per cent) was found in the non-protein nitrogen 
fraction, and the bulk in the proteins. The relative “acti\dty” 
of the various body proteins in regard to the “acceptance” of 
glycine nitrogen was about the same as their activity towards 
1(— )-leucine nitrogen. Muscle and skin took the greatest share 
in the uptake of dietary nitrogen. 

3. From the hydrolysates of the proteins of liver, intestinal wall, 
and the remainder of the bodies, several samples of pure amino 
acids were isolated. The glycine samples had the highest isotope 
content, indicating that free glycine had replaced glycine in protein 
linkage. In the course of 3 days a minimum of 8.8 per cent of the 
glycine in the liver proteins was replaced by dietary glycine. The 
corresponding values for the proteins of the intestinal wall and of 
the remainder of the body are 4.2 and 1 per cent respectively. 

4. In addition to glycine, other amino acids (glutamic acid, 
aspartic acid, tyrosine, arginine) of the proteins contained isotope, 
indicating the transfer of glycine nitrogen to the carbon chain of 
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other amino acids. Glycine, like many other amino acids, is 
involved in the continuous process of yielding nitrogen to and 
accepting nitrogen from other amino acids. 

5. The results of the glycine experiment are thus generally the 
same as those obtained with other amino acids. Only quantitative 
differences were observed. The theoretical discussion presented 
in our earlier paper (2) thus holds also for the e.xplanation of the 
present results. 
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THE DETERMINATION OF MANGANESE IN ORGANIC 
MATERIAL CONTAINING LARGE AMOUNTS OF 
CALCIUM AND CHLORIDES 

THE DETERMINATION OF MANGANESE IN THE MOUSE 
AND IN MILK 
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Studies on the metabolism of manganese in the mouse frequently 
require making an analj’sis of this element in the ash of the whole 
animal. The large amounts of calcium and chloride present in 
this ash present a special problem in the quantitative determination 
of manganese. The chlorides must be removed, but in doing this 
one must avoid forming insoluble calcium salts, because man- 
ganese is difficult to remove bj' washing from materials such as 
calcium sulfate and calcium phosphate. 

A modification of the Davidson and Capen (1) method is used 
in this work. The Davidson and Capen method is suitable for 
analj'sis of manganese in plants which contain relativelj’ small 
amounts of chlorides, but to apply it to ash high in chlorides it 
was found that special modifications had to be introduced. The 
present method consists in o.xidizing the manganese to perman- 
ganic acid with potassium persulfate and then determining the 
quantity colorimetrically. Complete conversion of manganese 
to permanganic acid requires the removal of chlorides. This is 
accomplished by dissolving the ash in concentrated nitric acid, 
adding sulfuric acid, and evaporating the solution to drjmess. 
By avoiding an excess of sulfuric acid it is possible to prevent the 
formation of calcium sulfate, thus making filtration unnecessary’. 

Method 

The mice are killed by asphymation with illuminating gas, 
thoroughly washed with distilled water, and the alimentan’ tracts 
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removed and discarded. The livers are analyzed separately. 
The material is dried in an electric oven at 105° and ashed in 
silica beakers, in a silica-lined and thermostatically controlled 
muffle furnace. The use of silica throughout insures against 
contamination from utensils or from the walls of the furnace, 
while the accurately controlled temperature eliminates the danger 
of overheating. Tests show that a temperature of 650° is in- 
sufficient to ash organic matter completely but that a temperature 
greater than 700° is unnecessary. A higher temperature might 
even cause the formation of oxides which would be difficult to 
dissolve. After about 8 hours of heating at slightly less than 700°, 
the ashing is completed and the material, when cool, is dissolved 
in 10 cc. of concentrated nitric acid. 4 drops of concentrated 
sulfuric acid are added and the solution evaporated to dryness 
over an open flame to remove the chlorides. More sulfuric acid 
is unnecessary and undesirable, since it will form more calcium 
sulfate than can be dissolved. The residue is then dissolved in 
12 cc. of 25 per cent nitric acid and the solution made to volume. 
Since the manganese content of a mouse fed on a manganese- 
restricted diet is very small, the final volume should not be greater 
than 20 cc. For mice fed on a normal diet or for those which have 
had manganese added to the diet the volume is made to 50 cc. 
The amount of nitric acid used in dissolving the residue should 
not be greater than 15 per cent of the final volume, because the 
author (2) has found that this is near the upper limit for develop- 
ing the maximum intensity of permanganic acid color. To a 
measured amount of the solution in a graduated centrifuge tube 
are added 0.2 cc. of 0.25 per cent silver nitrate, as a catalyst, and 
0.25 gm. of potassium persulfate. If the ash is thought to be 
low in manganese and the final volume is made to 20 cc. in order 
to concentrate the manganese as much as possible, 10 cc. of the 
undiluted solution should be used. If, however, the animal had 
been fed on a normal diet or if manganese had been added to the 
diet, then from 2 to 5 cc., when diluted to 10 cc. with distilled 
water, will contain enough manganese to give a convenient depth 
of color for reading. When the tubes are heated in a water bath, 
the pure permanganic acid color, free from turbidity, appears 
within a few minutes and will persist for weeks without fading. 
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The color is compared ■ndth a standard similarly treated, in 
Nessler tubes of 10 cc. capacity, graduated in tenths of a cm., and 
12 cm. in length. Most accurate readings can be made in these 
tubes when not more than 0.02 mg. of manganese in 10 cc. is 
measured. The oxidation may be brought about in the presence 
of nitric acid, sulfuric acid, or phosphoric acid. However, the 

Table I 


Results of Analyses and Recovery of Added Manganese in 
Dry Tissue of Mouse 


Material 

^Tiole j 

mouse 

Liver 

Weight 
of dry 
sample 

USM 

Mn 

added 

Mn 

found 

Mn re- 
covered 


ffn. 

ffn. 

cm. 

mff. 

mff. 

percent 

Whole mouse minus liver 

6.0 


0.26 


0.0024 


(0.3 mg. Mn per day for 



0.26 


0.0027 


90 days) 



0.26 

0.0018 

0.0043 

97.2 

Liver 



0.45 


0.0053 


ViTiole mouse minus liver 

5.8 


1.16 


0.0018 


(fed on dog biscuits) 



1.16 


0.0016 





1.16 

0.0035 

0.0053 

102.8 

Liver 


0.33 

0.33 


0.0025 


Whole mouse minus liver 

6.7 


1.34 


0.0017 


(fed on dog biscuits) 



1.34 


0.0019 





1.34 

0.0028 

0.0045 

96.4 

Liver 



0.42 


0.0032 


W'hole mouse minus liver 

7.4 


7.40 


0.0035 


(milk-fed) 

Liver 



0.43 

1 

0.0015 


Whole mouse minus liver 

6.3 


6.30 

1 

0.0028 


(milk-fed) | 

Liver | 



0.39 

i 

0.0012 

1 


writer has observed that the resulting color has a different tint 
with each acid. Therefore for accurate readings nitric acid should 
be used in the standard, since that acid is used in the sample. 

SufiBcient data are given in Tables I and H to show the ap- 
plicability of the procedure. Table I shows the results of the 
analyses of manganese in five mice. Three were fed on dog bis- 
cuits, and one of the three had 0.3 mg. of manganese added to 
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its drinking water each day for 90 days. The other two received 
only milk supplemented with iron and copper. 

Mice kept on a manganese-restricted diet in this laboratoi;}^ 
are fed nothing but milk to which iron and copper are added; 
therefore it was necessary to know the manganese content of tins 
food. Since both the ash of the mouse and that of milk contain 
very small amounts of manganese and large amounts of calcium 
and chlorides, the procedure described for the determination 
of manganese in the mouse can be applied directly to that of milk. 
The ash from 100 cc. of milk contains enough manganese to give 

Table II 


Results of Analyses and Recovery of Added Manganese 
in Three Samples of Skim Milk 
Each determination was carried out on 100 cc. of milk. 


Skim milk sample 
No. 

Mn added 

Mn found 

Recovery of added 
Mn 


tng. 

VtQ. 

per cent 

I 


0.0023 




0.0026 



0.0008 

0.0032 

93.7 

II 


0,0033 




0.0038 



0.0012 

0.0048 

104.2 

III 


0.0038 




0.0035 



0.0015 

0.0051 

96.6 


a color of sufficient intensity for satisfactory reading if the volume 
is made to 15 cc. 

Table II shows the analyses of three separate samples of milk. 
The manganese for recovery was added before the material was 
ashed. In the whole animal this manganese was added to an 
aliquot part of the solution before the color was developed. The 
recovery of added manganese was satisfactory in all cases, and 
there was never any interference from calcium or chlorides. In 
analyzing tissues containing less calcium or chlorides than is 
found in the whole animal or in milk no change in the procedure 
is necessary. 
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SUSrMARY 

A procedure is presented for the determination of small amounts 
of manganese in ash which is high in calcium and chlorides. An 
essential feature in the method consists in remo\-ing chlorides ndth 
a minimum amount of sulfuric acid, thus preventing the formation 
of calcium sulfate. Filtration, therefore, becomes unnecessarj' 
and the danger of losing manganese in the process of filtering and 
washing is eliminated. 
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In pre\nous papers (1-3) tve have described the influence of 
thiamine upon fat synthesis in rats and in pigeons, and the eflFects 
of other B vitamins and of choline upon the distribution of the 
fat thus formed. In a continuation of this work we desired to 
investigate the effects of pantothenic acid and of factor W. Since 
a pure preparation of the former w'as not readily available and 
since the latter has not yet been isolated, an extract of beef liver 
which has been shown to contain both these factors (4, 5) was 
employed. Production of fatty livers in rats fed this extract led 
to a study of methods for the prevention of such fat deposition 
in the liver. 


Methods 

Eats were employed as test animals. The strain, age, and care 
were the same as previously reported (3). Basal Diet 1 (3) was 
used throughout. To deplete the rats of their stores of B vita- 
mins and of fat, they were fed only the basal diet for 3 weeks. 
At the end of this period, body weight and body fat had been 
defimtely diminished. During a subsequent period of 1 week 
various combinations of supplements were administered to 
different groups. Thi amin e, ribofla\’in, ^dtamin Be, and choline 
were given by subcutaneous injection, since pre%dous trials had 
shown that they were as effective by this route as by mouth and 
that more accurate dosage of the animals was possible. The 
liver fraction and supplements other than those pre'vuouslj' 
mentioned were mixed wnth the food. Vit amin and choline 
supplements were given in the following amounts per rat per 
day unless otherwise indicated: thiamine hydrochloride (Merck) 
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12.5 micrograms, riboflavin (Hofifmann-La Roche) 10.0 micro- 
grams, vitamin Be (kindly donated by Merck and Company and 
by E. R. Squibb and Sons) 20 micrograms, choline hydrochloride 
(British Drug Houses) calculated as choline base 10 mg., liver 
fraction 0.5 cc., brewers’ yeast powder (Mead Johnson and 
Compan}^, lipocaic (generously furnished by Eli Lilly and 
Company), and rice polish concentrate (Labco) as indicated. 

The liver fraction was prepared as follows: 70 kilos of fresh 
beef liver were minced and stirred for 1 hour with 135 liters of 
water containing 70 cc. of sulfuric acid. The mixture was heated 
to 70° and filtered while hot through a linen bag. The liver 
residue was reextracted with 112 liters of water. The combined 
filtrates were concentrated in vacuo to one-eighth of the original 
volume and the concentrate was mixed with sufficient ethyl 
alcohol to give an alcohol concentration of 52 per cent, A precip- 
itate settled out and was removed by filtration. The filtrate 
was concentrated in vacuo to one-tenth of its volume and the 
concentrate poured into sufficient absolute ethyl alcohol to give 
an alcohol concentration of 90 per cent. After removal of a heavy 
precipitate, the liquid was distilled in vacuo until free of alcohol. 
The final volume was adjusted so that 0.5 cc. contained the 
material derived from 10 gm. of liver. 

The rats were killed by stunning, the livers removed, and total 
crude fatty acids in the livers and bodies were determined by 
methods previously published (1, 3), although in some cases livers 
from a group of animals were combined for analysis and a pro- 
cedure similar to that reported for the bodies was used. All 
results are averages for groups of ten rats. 

EXPERIMENTAL 

Effect of Liver Extract upon Fat Synthesis 

Series I — The effect of the liver fraction when given as the only 
supplement and with various combinations of other supplements 
was investigated. The weight changes during the supplement 
period and the total crude fatty acids in the liver and body at the 
end of the experiment are given in Table I. When the liver 
fraction was given, there was a marked increase in weight, the 
percentage of liver fat was abnormally high, and the body fat 
increased. 
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Series II — The liver fraction contained significant amounts of 
thiamine and choline. We arc indebted to Dr. D. G. H. Mac- 
Donald and Mr. J. G. Truax of this laboratorj' for the determina- 
tion of the amounts. B\’ means of the thiochrome procedure (6) 
the liver fraction was found to contain 15 micrograms of thiamine 
per cc. By the method of Fletcher, Best, and Solandt (7) the 
choline content was 20 mg. per cc. Animals receiving supple- 
ments of liver fraction and of thiamine secured a total amount of 
this vitamin which was approximatelj' double the quantity or- 


Table I 

Effect of Liver Fraction upon Fat Synthesis 


Series 

No. 

Supplements 

^ Average 
individual 
weight 
change in 
supplement 
wk. 

Total crude fatty 
acids in 

Liver 

Body 



[ cm. 

pfrcenl 

percent 

I 

None, 3 wks. depletion 


4.4 

2.1 


Liver fraction 

-r25 

9.0 

8.4 


“ “ + thiamine 

+34 

16.0 

8.9 


" << ^ <1 ^ choline 

+35 

14.7 

8.1 


“ II ^ II ^ II ^ 

flavin 

+34 

11.4 

9.1 


Same -h vitamin Bj 

+36 

13.5 

5.5 

II 

Thiamine (12.5 y) 

+3 

13.7 

4.8 


“ (12.5 “) + choline (10 mg.) 

+5 

3.S 

5.0 


" (25 ") 

-f5 

14.7 

4.8 


“ (25 “) + choline (10 mg.) 

+6 

3.3 

5.3 


" (25 “) + “ (20 “ ) 

+6 

3.8 

5.5 


dinarily employed by us. It was necessarj" to determine whether 
the increase in the amount of thiamine was responsible for the 
effect produced b}"" the liver fraction. The result secured with a 
dose of thiamine double our customarj' amount was studied in 
this series. The effect of choline in preventing the deposition 
of liver fat caused by thiamine was also investigated, with either 
the amount of choline ordinarilj^ emploj'ed by us or double this 
quantity. The amoimt of choline supplied in the liver fraction 
^■as sufficient, in itself, to prevent fatty livers caused bj* thiamine. 
It is obvious that the fatty livers caused by administration of liver 
extract are different from those produced by thiamine alone. 
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Prevention of Development of Fatty Livers Caused by Liver Extract 

(Table II) 

Series III — ^The administration of customary doses of choline 
(Series I) did not markedly diminish the deposition of liver fat 

Table II 


Prevention of Development of Fatty Livers Caused by Liver Extract 


Series 

No. 

Supplomonte 

Total crude fatty 
Boids in 


Liver 

Body 

Ill 

None, 3 wks, depletion 

percent 

2.6 

percent 

1.9 


Liver fraction + thiamine 

15.6 

6.8 


“ “ + “ + choline (10 mg.) 

13.3 

6.7 


“ “ + “ + “ (40 “ ) 

9.5 

6.8 


[ “ " + “ + “ (90 “ ) 

12.1 

6.8 

IV 

After 3 wks. depletion period 

Fox Chow 

4.7 

4.2 


“ “ + liver fraction 

3.6 

5.3 


With no depletion period 

Fox Chow 

3.0 

7.8 


“ “ + liver fraction 

3.0 

9.0 

V 

Liver fraction + yeast (0.3 gm.) 

13.2 

7.8 


“ “ + " (0.6 “ ) 

7.1 

8.5 


" " .+ " (0.9 " ) 

6.1 

10.2 

VI 

Control 

2.6 

5.1 


Liver fraction 

17.4 

6.4 


“ " + rice polish concentrate (0.3 gm.) 

4.8 

9.3 


“ “ + “ “ “ (0.6 " ) 

5.3 

8.0 


“ » + " “ “ (0.9 “ ) 

2.2 

7.3 

VII 

Control 

2.6 

5.1 


Liver fraction 

17.4 

6.4 


‘‘ “ + lipocaic (0.3 gm.) 

2.9 

7.4 

VIII 

it ti 

' 13.2 

7.0 


“ “ + lipocaic (0.025 gm.) 

! 13.9 

7.0 


“ “ + “ (0.05 gm.) 

12.2 

6.4 


" “ + " (0.1 gm.) 

5.6 

6.1 


“ “ + " (0.2 “ ) 

3.6 

4.6 


“ " + “ (0.3 “ ) 

3.2 

6.1 

IX 

tt t$ 

8.5 

7.2 


“ “ + lipocaic (0.3 gm.) 

3.2 

6.8 


" “ + casein (0.1 gm.) 

8.1 

6.4 


All rats except those in Series III and IV received thiamine, choline, and 
riboflavin during the supplement period. In Series VIII vitamin Bs was 
also administered. 
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caused bj* the liver fraction. It seemed possible that larger 
amounts of choline might be necessarj- to overcome the effects 
of the liver fraction and this was investigated in Series III. 

Series IV — As choline, even in large amounts, did not prevent 
the development of fatt}" livers when the liver fraction was given, 
other substances were tested. Fox Chow (Toronto Elevators), 
regularh'- used as a diet for normal rats, was fed both after a 3 
week depletion period on the basal diet and without a depletion 
period. This food, used in place of the basal diet, prevented the 
development of fatty livers when the liver fraction was given. 



LIPOCAIC GRAMS 

Fig. 1. Effects of various amounts of lipocaic upon liver fat 

Series V — Dried brewers’ yeast was tested for its activitj' at 
the levels indicated. Yeast is partially effective in controlling the 
level of liver fat but even 0.9 gm. of yeast per rat per day did not 
result in a normal value. 

Series VI — rice polish concentrate was tested. It was more 
effective than yeast in preventing the development of fatty livers 
when the liver fraction was given. 

Series' VII — Dragstedt and his colleagues (8) reported that when 
^ alcoholic extract of pancreas, named by them lipocaic, was 
added to the diet of depancreatized dogs receiving insulin it pre- 
vented the infiltration of the liver with fat. It seemed of interest 
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to determine whether lipocaic would prevent the fatty livers 
caused by the liver fraction. This preparation proved to be by 
far the most active substance tested, on the basis of equal weights 
of the various preparations. 

Series VIII — In the method reported by Dragstedt and his 
colleagues for the detei’mination of the effectiveness of pancreatic 
extracts, depancreatized dogs have been used. This procedure 
is expensive and time-consuming. It seems likely that the pre- 
vention of fatty livers caused by liver extract in rats could be 
made the basis of a rapid procedure. Accordingly, in Series VIII 
the effeet of various amounts of lipocaic was investigated. The 
results are given in Fig. 1. The potency of a pancreatic extract 
could be expressed in terms of the least amount required to 
maintain a normal liver fat in rats fed a constant amount of liver 
fraction, or the potency of various pancreatic extracts could be 
given in terms of a standard preparation. 

Series IX — Besides a small amount of choline, which has been 
shown to be ineffective, lipocaic contains a relatively high per- 
centage of protein (9). Several proteins, such as casein, have 
been shown to exert a lipotropic action upon the thiamine type 
of fatty liver (10). This series shows that extra casein did not 
exert the same effect as lipocaic. 

Effect of Liver and Pancreatic Extracts upon Cholesterol Metabolim 

Kaplan and Chaikofif (11) reported that in- depancreatized dogs 
maintained with insulin there was an increase in fat content of 
the liver and also in cholesterol content, particularly in cholesterol 
esters. When raw pancreas was given, neither of these effects 
was observed, but the blood cholesterol was raised. This action 
of raw pancreas suggested the possibility that lipocaic might affect 
cholesterol metabolism. 

Series X — By means of the Schoenheimer and Sperr3'' technique 
(12), the amount of cholesterol in the crude fatty acid fraction of 
the liver and body was determined. A number of cholesterol 
determinations have been made and, in all series, two general 
trends have been in evidence. Administration of the liver frac- 
tion has caused increases in the amounts of cholesterol in the 
liver and in the body. Animals fed pancreatic extract have a 
small amount of cholesterol in the liver. The results of one series 
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only are given (Table III). Neither the basal diet nor the liver 
fraction contains cholesterol. It would seem likel}’- that the 
increased amount was due to sjmthesis, since the quantities in 
both liver and bod}* were increased. It will be noted that, tmder 
the conditions we have used, choline had no effect upon the 
amount of cholesterol in the liver, whereas lipocaic had. Rice 
polish concentrate and yeast also caused a reduction in liver 
cholesterol. 

Properties of Liver Conslilucnl Influencing Fat Synthesis 

Preliminarj’’ work on the fractionation of the liver extract indi- 
cates that at least two constituents are involved in producing the 


Table III 

Alleralions in Cholesterol Content 


1 

Supplement ; 

1 Total cholesterol in 

i 

Total crude fatty 
adds in 

j 

liver 

Body 

Lirer 

j Body 


my. 1 

my. 

my. 

my. 

None, 3 wks. depletion 

1 1 

35 

56 

798 

Control 

1 

62 

119 

2213 

Liver fraction 

1 40 

91 

786 

3969 

" " lipocaic (0.3 gm.). 

, 15 

j 108 

178 

5130 

“ “ -t choline (50 mg.) .. j 

1 44 

77 

799 

3393 


All rats received thiamine, choline, riboflavin, and vitamin Bt during the 
supplement period. 


changes in amount of fat and in body weight. The factor re- 
sponsible for production of fatf^" livers is heat-labile, can be 
adsorbed on fullers’ earth and eluted with hot ethyl alcohol, is 
soluble in water, ethyl alcohol, acetone, and insoluble in amyl 
alcohol. The growth factor is similarlj^ adsorbed and has the 
same solubilities but is heat-stable. 

DISCUSSION 

The feeding of a liver fraction to rats on a fat-free diet causes 
a marked synthesis of fat, as evidenced bj" an increase in both liver 
and bodj'- fat. The failure of large doses of choline to prevent the 
fattj- liver caused by administration of the liver fraction suggests 
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that the character of the fat in the liver is different from that 
found in the fatty liver caused by feeding a diet containing thia- 
mine but low in choline ; it has been shown by one of us (13) that 
the thiamine type of fatty liver is easily prevented or cured by 
small doses of choline. We arc unable at present to describe 
the type of fat present in the fatty liver produced by feeding the 
liver fraction other than to note that it contains an increased 
amount of cholesterol. 

The action of lipocaic in preventing fatty livers of this special 
type indicates that it contains a lipotropic factor other than , 
choline. A similar effect was caused by'- rice polish concentrate | 
and by brcAvers’ yeast but evidence is not available that the same j 
factor is responsible in each case. It is now clear that at least 
three kinds of alimentary fatty liver can be produced: by feeding 
a thiamine-rich, low choline diet; by feeding cholesterol; and by 
feeding a liver extract. The different responses of these fatty 
livers to various lipotropic agents may explain the apparently 
discrepant results which have been reported with regard to the 
action of lipocaic. The choline and protein present in the lipo- 
caic preparation which we have used would account for its lipo- 
tropic action on the thiamine type of fatty liver, as has been shown 
by Best and Ridout (9), but these constituents are not responsible 
for the effects which we have observed. 

While the type of fatty liver caused by liver extract is prevented 
by lipocaic, we are not in a position to say that it is similar to the 
fatty liver found in depancreatized dogs, nor that the effects of 
lipocaic in the two cases are due to the same constituent. The 
results secured with rice polish concentrate and yeast suggest 
that the lipotropic activity of pancreatic extract which we have 
observed is not due to a hormone. The lipotropic effect is asso- 
ciated with, or due to, a reduction in liver cholesterol. 

Blatherwick and associates (14) reported the production of fatty 
livers in rats by the feeding of whole liver or of several liver frac- 
tions. In their investigations the amounts of cholesterol esters 
and of neutral fat in the livers were increased. When rvhole liver 
was fed, the increase in cholesterol esters may have been caused 
partly by the ingestion of the cholesterol contained in the liver, 
as these workers pointed out. That explanation was not likely 
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to be true for some of the fractions ■which they tested and they 
concluded that beef liver contains a water-soluble substance which 
causes fatty livers when fed to rats. WTiile they did not use a 
fraction similar to that which we have emploj'ed, our results 
definitely support their conclusion. The fraction which we have 
used contains no cholesterol. Blatherwick et al. found that the 
administration of large amounts of choline failed to prevent the 
fatty livers; our results in this respect also are in complete agree- 
ment. However, in our experiments, the fatty livers resulted 
from a S3’nthesis of fat, whereas dietary fat was supplied in the 
experiments of Blathen\ick and associates. 

Recentlj' Engel and Phillips (15) have described the production 
of fatty livers in rats by thiamine administration. The basal 
diet used by them contained a liver fraction as a source of factor W. 
The fatty livers which the}' reported were similar to those found 
in the present investigation in that they were not prevented by 
choline. It seems likely that Engel and Phillips would have 
secured the thiamine type of fattj’’ liver (preventable by choline) 
if the liver fraction had been omitted from the basal diet. 

It is not possible at present to draw any conclusions regarding 
the constituents of the liver fraction which cause fatty livers by 
increasing the synthesis of fat. The fraction contains many sub- 
stances other than pantothenic acid and factor W. Preliminary 
results secured with preparations from the liver fraction suggest 
that at least two constituents may be responsible for the obsen^ed 
effects. The effect of the fraction upon the body weights of rats 
was comparable to that secured by Elvebjem, Koehn, and Oleson 
(5) in their studies of factor W, but chemical e\’idence indicates 
that factor W may not be concerned. 

SUJmiART 

The administration of a crude liver fraction to rats causes 
marked synthesis of fat and the development of fatty livers highly 
resistant to the hpotropic action of choUne. There are coincident 
increases in the amounts of cholesterol in the liver and body, ap- 
parently as a result of s 3 Tithesis. The increase in fat and 
cholesterol in the liver can be prevented bj' feeding a pancreatic 
extract (lipocaic), rice polish concentrate, or brewers’ j'east. 
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Br HERBERT E. LONGENECKER, GERTRUDE GAVIN, and E. W. 

McHenry 

(From the Department of Chemistry, University of Pittsburgh, Pittsburgh, and 
the School of Hygiene, University of Toronto, Toronto, Canada) 
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Fat ■which has been sjTithesized bj' rats from carbohydrates is 
characterized bj” the presence of large amounts of Cis fatty 
acids (l). In such s 3 Tithetic depot fat, the total Cis acids con- 
stitute 40 to 45 per cent of the total mixed acids. The value for 
the Ci6 acids is approrimatelj' 25 per cent when fat is present in 
the animal’s diet and is being deposited directly. A particular!}’’ 
striking increase is noticed in the proportion of palmitoleic 
(A’-i“-hexadecenoic) acid in the sj-nthetic fat On a molar 
basis, the values for this component are usuallj' about 15 per cent 
in the sj’nthetic fat, compared -with 3 to 4 per cent when the 
animal is ingesting fat rather than sjmthesizing its depot fat 
entirelj’’ from non-lipid sources. 

The production of fat from carbohydrate in the presence of 
thiamine was demonstrated bj- McHenry (2) who showed a 
marked increase in liver fat in j'-oung rats when the vitamin was 
added to a basal diet low in choline and fat-free. Subsequent 
studies (3) showed that thiamine, as a supplement to basal rations 
which were deficient in vitamin Bi, caused an increase in the 
amount of total fatty acids in both rats and pigeons. These 
results strongl}- supported the hypothesis advanced by McHenry 
(4) that “'vutamin Bi is necessary for the synthesis of fat from 
carbohj'drate.” 

The present test of the above hypothesis of thiamine action was 

* A preliminary report of these data was presented at the meeting of the 
-American Chemical Society at Cincinnati, April, 1940. The investigation 
■'vas aided by a grant from the Buhl Foundation. 
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suggested by the earlier evidence that synthetic fat may be char- 
acterized by the quantitative determination of the component 
fatty acids. If thiamine is required for the synthesis of fat from 
carbohydrate, then the high amounts of Cis acids characteristic 
of synthetic fat should not be found when animals ingest a high 
carbohydrate ration containing neither fat nor a source of thi- 
amine, but they’ should appear quickly following thiamine ad- 
ministration. 


EXPERIMENTAL 

Young albino rats of the Wistar strain reared in the Connaught 
Laboratories were employed. They were fed a stock ration 
(Toronto Elevators Company Fox Chow) from weaning to the 
start of experimental feeding. When they had grown to an 
average weight of 88 gm., they were fed a diet free of fat and 
wdthout the vitamin B complex or choline. It wms low in casein 
to reduce the lipotropic effect similar to that of choline. The 
ration had the following composition, in per cent by weight, 
casein 10, cane sugar 84, salt mixture (Steenbock-Nelson, Salts 
40 (5)) 4, agar-agar 2, cod liver oil concentrate 0.015. 

98 rats were maintained on this diet for 20 days. At the end 
of this time when the average body weight was 68 gm. 50 of the 
animals were killed by stunning and the remaining forty-eight 
rats were continued on the basal ration supplemented with 12.5 
micrograms of thiamine chloride (Merck) per rat per day for 12 
days and then killed. During these 12 days the average weight 
increased to 74 gm. The livers from each group were immediately 
removed and placed in acetone. The other organs and the 
complete gastrointestinal tract were removed from each carcass. 
The various lipid fractions desired for analysis were obtained from 
the livers and the finely ground carcasses by methods described 
previously (1). Tables I and II show the amounts and general 
characteristics of the resulting material. 

In an experiment carried out similarly to the above it was 
^"und that the maintenance of rats on the basal ration for 4 
eeks caused a depletion of fat coincident with the decrease in 
3dy weight. The iodine number of the total fatty acids of the 
sidual fat was greater than the value found at the beginning of 
le expei’iment. The changes in body weight, liver and body fat, 
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and in iodine numbers are given in Table III. It should be noted 
that such increases in unsaturation of the acetone-soluble lipids 
were not obtained in earlier studies when body fat was depleted 
by fasting (1, 7). 


Table I 

Amounts of Lipids Obtained 


Source and type of lipid 

Vitamin B complex- 
dcfidcnt animals (50) 

Thiam in e- treat ed 
animals (4S) 



gm. per 

gm. per 

j 

gm. p€r j gm. per 


Cn. 

too gm. 

too cm. 

gm. j 

too gm. 1 too gm. 



rat 

Uzer 


rat j ftrer 

Carcass 





1 

Total lipids 

52.41 

1.54 


121.30 

3.42 j 

.\cetone-soluble lipids 

41.94 

1.23 


110.9lj 

3.12 i 

Liver 




! 


Total lipids 

4.84 


3.10 

16.59. 

i 8.90 

" fatty acids 

3.40 


2.18 

14.22, 

' 7.60 


Table II 

General Characteristics of Depot and Liver Lipids 


Upids ; 

Saponi- 
fication 
, c<|uivB- 
lent 

- 1 

I 

Depot acetone-soluble lipids | 


Vitamin B complex-deficientj 


group j 

i 319.0 

Thiaimne-treated animals. ... 

292.7 

Total liver lipids j 

1 

1 

Vitamin B complex-deficienti 

group 

1 308.2 

Thiamine-treated animals. . . . 

1 289.5 


* Rosenmund-Kuhnhenn method (6) 


X^ead salt separation of mixed 
Iodine i fatty adds 

XT- • ' 


1 Solid adds j 

1 Liquid acids 

■[ 

j Sra. 

■ Percent 

1 ] 

1 

1 per cent 

1 

1 8.40 
■29.41 

' 25.0 
i 32.8 

1 

i 25.23 

1 60.28' 

' 1 

1 

' 75.0 
[ 67.2 

1 0.89 
j 4.80 

1 30.2 

1 35.3 

1 

j 2.06: 
1 8.81 

i 69.8 

1 64.7 


The fatty acids from the acetone-soluble portion of the body 
lipids and the total acids from the liver hpids were both quaUta- 
tively and quantitatively analyzed bj' the ester distillation 
procedure. Initial resolution of the mixed acids as soluble and 
insoluble lead salts in alcohol was accomplished by a modified 
Twitchell method (c/. (8)). Neutral methyl esters were pre- 
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Table III 


Body and Liver Fat Changes during Depletion Period 


Duration of 
depletion 
period 

Avorni’o body 
wciKlit 
(10 animals) 

Total fatly acids ^ 

Iodine No. of total fatty 
acids 

Liver 

Body 

Liver 

Body 

days 

Qm. 

pm. per 100 
pm. liver 

pm. per 100 
pm. rat 



At start 

104 

3.4 

7.7 

90 

72 

7 

93 

4.6 

5.4 

73 

68 

14 

84 

5.1 

4.0 

86 

78 

21 

75 

4.9 

2.4 

103 

86 

28 

62 

2.6 

1.6 

104 i 

94 


Table IV 

Composition of Fatty Acids of Rat Carcass Glycerides and Liver 


Acids 

Carcass glycerides 

Liver 

Vitamin B 
comple.v-defi- 
cient animals 

Thinmino- 

trMted 

animals 

Vitamin B 
complex-defi- 
cient animals 

Thiamine- 

treated 

animals 


weipht 


weipht 

nwlar 

weipht 

molar 

weipht 

1 molar 


\percent 

\pcr cent 

per cent 

per cent ^ 

percent 

per cent 

percent 

1 per cent 

Myristic 

2.7 

3.2 

0.9 1 

1.0 

1 

1 

1 

1 

Palmitic 

20.6 

21.9 

27.4 ; 

29.6 

18 

20 

mJrm 

29 

Stearic 

6.2 

6.0 


3.3 

3 

3 


3 

Arachidic 

2.6 

2.3 


1.9 

3 

3 

mm 

1 

Tetradecenoic 

1.2 

1.5 

0.5 i 

0.6 





Hexadecenoic 

4.9 

5.3 


11.1 

5 

5 

14 

15 

Oleic 

54.3 

52.5 


48.7 

50 

49 

48 

46 

Linoleic 

5.6 

5.6 


3.1 

8 

8 


2 

Arachidonic 

1.9 

1.7 

0.8 

0.7 

12 

11 


3 

Totals 





1 




Cl4 

3.9 

4.7 

1.4 i 

1.6 

1 1 

1 i 

1 

1 

Cie 

25.5 

27.2 

37.9 

40.7 

23 

25 i 

40 

44 

Cl 3 

66.1 i 

64.1 

57.6 

55.1 

61 

60 

53 

51 

C20 

4.5 

4.0 

3.1 

2.6 

15 

14 

5 

4 

Saturated 

32.1 

33.4 


35.8 

25 

27 

32 

34 

Unsaturated 

67.9 

66.6 


64.2 

75 

73 

68 

66 











pared and fractionally distilled through Column 15-Ag as 
described previously (1). As usual, the quantitative composition 
of the various ester fractions was established by direct evidence 
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(the formation of characteristic derivatives or the isolation of the 
acid itself) except in the case of the tetra- and hexadecenoic acids. 
Indirect e\'idence for the occurrence of the Cn and Cie monoun- 
saturated acids vas obtained by oxidizing ester fractions suspected 
from their equivalent \s'eights and iodine numbers to contain the 
Cn and Cis saturated and unsaturated components (9). In each 
case, the unoxidized saturated esters vere found to have almost 
e.xactlj’’ the same equivalent weight as the original ester mixture 
taken for oxidation. It follows that the unsaturated esters must 
have had the same carbon chain length as the saturated esters, 
namely Cn and Cis. The quantitative composition of each ester 
fraction was calculated from the weights of the indi\-idual fractions 
and their respective anal 3 'tical constants, saponification equiv- 
alent and iodine number. From these values and the percentage 
of acids obtained as “solids” and ‘liquids” in the lead salt separa- 
tion of the mixed acids, the percentage composition of the mixed 
acids follows directlj'. The distribution of acids in the glj'ceride 
(acetone-soluble) portion of the depot lipids and the values for 
the total liver acids are given in Table R''. 

mscossiox 

The data presented above furnish considerable evidence that 
fat sjmthesis resulted as a direct effect of feeding thiamine. 
Body stores of fat were utilized, apparentlj' without sjmthesis, 
during the depletion period when animals were maintained on a 
high carbohydrate diet lacking in the B ^^tamins. Fat sjmthesis 
followed the thiamine administration immediatelj’’, however, as 
was indicated by the rise in both the bodj' and liver fat and the 
marked change in fatty acid composition. The high amount of 
Ci6 acids (40.7 per cent) previously noted as characteristic of 
sjmthetic fat provides unmistakable evidence of the process 
stimulated by thiamine. 

During the period when thiamine was fed, fortj’'-eight animals 
gained an average of 6 gm. The acetone-soluble portion of the 
depot lipids accoimted for approximatelj' 25 per cent of this in- 
crease (1.47 gm. per rat more in the thiamine-treated group than 
in the non-treated group). In terms of total fatty acids per 100 
pn. of rat body weight, the gain was 1.81 gm. The absolute 
mcrease for the major component fatty acids may be obtained 
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by difference from the values recorded in Table V. Tlie figures 
in this table were calculated from the data given in Tables I, II, 
and III for the acetone-soluble lipids, their equivalent weights 
being corrected for the unsaponifiable material and the percentage 
composition by weight of the respective fatty acids. 

The fatty acid analyses show a marked difference in com- 
position between the body fat from the deficient animals and those 
subsequently given thiamine. All of the acids changed somewhat 
in proportion but the significant change appears in the Cie acids, 
palmitic and hexadecenoic acids. Together, the molar ratios of 
these acids have been raised from 27.2 to 40.7 per cent with the 
thiamine treatment. This is regarded as evidence that fat was 

Table V 


Major Fatly Acids in Carcass Glycerides per 100 Gm. of Rat Body Weight 


1 

Acids 

Viamin B complox- 
dofioiont group 
(equivalent weight i 
of glycerides = 
290.5) 

Thiamine-treated 

animals 

(equivalent weight 
of glycerides = 
281.8) 


gm. 

Qtn. 

Total acids 

1.06 

2.87 

Palmitic 

0.22 

0.79 

Hexadecenoic 

0.05 

0.30 

Oleic 

0.58 

1.46 




synthesized only Avhen thiamine was present in the diet. It ■would 
appear that the Cio fatty acids are involved either as intermediates 
or end-products in the biological synthesis of fat from carbohy- 
drate or protein and that thiamine is an agent capable of bringing 
about intermediate stages in such conversions. The close simi- 
larity of the liver fatty acids with those present in the depots may 
mean that the liver is the seat of such transformations in vivo. 
This view is substantiated by the proportionately greater increase 
•in liver fat, as compared wnth the increase in body fat. The wide- 
spread occurrence in nature of Cis fatty acids, and indeed the 
sjmthesis of them in the experiments reported here, makes it neces- 
sary that any conception of the mechanism of fat synthesis from 
non-lipid sources include them. 
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SUMXtAKY 

The molecular distribution of the fatty acids in bod}' and liver 
fat of thiamine-deficient and thiamine-treated rats has been 
studied. 

When young rats vere taken from a ration containing fat 
(Fox Chow) and fed for 3 weeks on a vitamin B complex-deficient 
ration which was free of fat, they lost fat gradually from their 
body stores. An increase in the iodine numbers of the total 
lipid fatty acids but not in the acetone-soluble lipids in both the 
body and liver was obser\'ed during the depletion period. Addi- 
tion of 12.5 micrograms of thiamine daily to the basal ration 
during a subsequent 12 daj' period caused a rapid deposition of 
fat in the bod}’. The liver fat was also markedly increased 
owing to the absence of dietar}’ choline. The total acetone- 
soluble lipids of a group of forty-eight young rats increased from 
40.3 to 110.9 gm. following thiamine treatment. Expressed in 
terms of fatty acids per 100 gm. of body weight, the increase due 
to thiamine was 1.81 gm. of which 49 per cent was due to oleic 
acid, 32 per cent to palmitic acid, and 14 per cent to hexadecenoic 
acid. The s}'nthetic fat was characterized by an increase in the 
Ci6 acids from 25 to 41 per cent (molar basis) of the total mixed 
acids. 
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THE PREPARATION OF CELLOPHANE MEMBRANES OF 
GRADED PERMEABILITy 


Br W. B. SEYMOUR 

(From the Department of Medicine, School of Medicine, Western Reserve 
University, and the Lakeside Hospital, Cleveland) 

(Received for publication, April 20, 1940) 

In studies of osmotic pressure of colloidal solutions, and in the 
determination of molecular size by filtration, it is necessary to use 
membranes of known porosity, and desirable to be able to obtain 
such membranes regularly and cheaplj". Cellophane as formerly 
made was permeable to small quantities of serum protein, but the 
present product is not. However, McBain and Steuwer (1) 
found that immersion of cellophane in zinc chloride solutions 
of varjmg concentration would alter its permeability, and they 
studied the effect of dilution of electrolytes, varjing pressure, etc., 
on ultrafiltration. In the present work this effect has been re- 
studied and extended by calculation of the pore size of the mem- 
branes obtained, and the filtration patterns of certain protein and 
carbohydrate materials have been determined. 

Materials and Methods 

Plain transparent No. 300 cellophane was immersed in zinc 
chloride solutions (90 to 120 gm. per 100 cc. of solution) for 15 
minutes at 25°. The zinc chloride solution was then decanted, 
and the membrane washed in ru nnin g tap water for about 30 
minutes. After it was washed, no zinc chloride remained. 

The ultrafilters were made of brass, and coated internally with 
parafiin. The membrane was supported on several layers of 
filter paper. Distilled water was used to determine rate of flow, 
measured as the volume filtered in a measured time, imder constant 
pressure. Temperature was noted at each observation and 
viscosity determined from standard tables. 

Membrane thickness was determined by an apparatus similar 
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to that described by &’Ogh' (2), with a calibrated ocular microm- 
eter. Ten readings were taken on each membrane, and the 
mean computed. 

The water content of the membranes was determined by weigh- 
ing a portion of known area both in the wet state and after drying 
for 24 hours at approximately 25° (the humidit}’- being approxi- 
mately 30 per cent). 

Crystalline egg albumin was prepared by the method of Hopkins 
and Pinkus (3), hemoglobin bj'’ the method of Bourdillon (4). 
Proteins were determined in triplicate by Howe’s method (5), 
hemoglobin photometrically by Heilmeyer’s method (6). Sodium 
arabinate was determined by precipitating it with ferric chloride 
and ethyl alcohol and drying to constant weight. 

Measurement of Porosity 

Several investigators (7-10) have shown that collodion and 
cellophane membranes behave like a series of small capillaries 
when water is alloAved to flow through them; in other words, their 
porosity may be calculated by the application of Poiseuille’s law, 
which Elford (11) has expressed as follows: 

r = 21 •%/ 2qnfpv 

when r is the pore radius in cm. (usually expressed in mu), I the 
thickness of membrane in cm., q the rate of flow of water (cc. per 
sq.cm, per second), n the coefficient of viscosity of water, p the 
pressure applied in dynes per sq.cm., and v the total pore volume 
(=o difference between wet and dry weights of membrane per 
sq.cm.). 

Fig, 1 shows the calculated average pore diameter of cellophane 
membranes treated with various concentrations of zinc chloride 
solutions under constant conditions of temperature. A similar 
range of porosity may be produced by using a constant concentra- 
tion of zinc chloride solution but var 3 dng temperatures, the 
porosity increasing as the temperature increases. 

The figures obtained from the application of Poiseuille’s law 
cannot be regarded as absolute for several reasons: (1) the pores 
of altered cellulose are probably slit-like in cross-section rather 
than circular (12); (2) the capillary length, I, is assumed to be 
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equal to the thickness of the membrane, ■whereas it is probablj’’ 
longer; (3) the total volume of pores is taken to be equivalent to 
the water content, but this assumes that there are no blind or 
intersecting passages. However, the law does pro%dde a means 
of estimating the relative permeability of membranes and the 
relative size of colloidal molecules, and experience has sho'wn that 
these factors do not introduce a verj' large element of error. 

2.0 


1.5 


A 

<1. LO 
< 

o 

o 

05 


Fig. 1. Calculated average pore diameter {APD) in m/t of membranes 
treated in zinc chloride solutions of varying concentration. Pressure 
applied, 500 mm. of mercuiy; water temperature 25°; zinc chloride solu- 
tions at 25°. 

Physical Alterations and Properties of Membranes Treated with 
Zinc Chloride Solutions 

Thickness — -No. 300 cellophane swollen in water has a thickness 
of approximatelj' 0.004 cm. Soaking it in increa-sing concentra- 
tions of zme chloride solutions causes an increase in the thickness 
of the membrane, the most porous (pore diameter 80 mp) being 
0.0195 cm. thick. 

Water Content — The ratio of the difference between wet and 
dry weights of a membrane and its wet weight has been termed 
specific water content by Elford and Feny (13), and ideall}' 
should approach 1.0. Altered cellophane membranes have a 
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specific water content of 0.65 to 0.94, whereas collodion membranes 
within a similar range of porosity have a specific water content 
of 0.41 to 0.87 (Elford and Ferry). The higher the specific water 
content, the less possibility is there for the existence of blind and 
non-intersecting pores. 

The altered cellophane membranes appear to dry merely by 
losing water from the interstices, since the rate of drying is pro- 
portional to the original water content. Table I shows measure- 
ments made on a series of membranes of similar area but varying 
porosity; the ratio between time of drying and total water content 
is fairly constant. 

Filtration Pressure — The rate of flow of water was proportional 
to the pressure used, between 100 and 500 mm. of mercury. Pres- 


Tablb I 

Water Content of Membranes of Similar Area but Varying Porosity 


Total water content 

Time of dryinK 

Time 

Water content 

me* 

Win. 


170 

34 

0.200 

404 

88 

0.218 

435 

86 

0.198 

1257 

228 

0.181 


sures must be of this magnitude in the smaller porosity ranges in 
order to secure an adequate volume of filtrate. No differences 
in the thickness of the membranes were noted before and after 
filtration. 

Adsorption of Protein — Hitchcock (14) showed that collodion 
membranes adsorb weighable amounts of egg albumin. A number 
of membranes of 30 rap porosity and 50 sq.cm, area were immersed 
in solutions of 1.45 per cent crystalline egg albumin at isoelectric 
pH, and in normal human serum; after 24 hours the membranes 
were removed, washed with distilled water, and the total nitrogen 
determined by the Kjeldahl method. The maximum amount 
found in any membrane was 0.51 mg. of protein, a negligible 
quantity. 

Autoclaving — ^Autoclaving for 20 minutes at 15 pounds pressure 
at 120° causes essentially no change in porosity. 
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Table II 

Filtration Patterns of Colloidal Solutions 


Experiment I. Crj-atnlline egg albumin; 1 per cent solution at pH 5.70; pressure, 500 mm, 
Hg; cfTective area of filter, 19.7 sq.cm. 


Pore diameter 

Per cent of original concentra- 
tion in ultrafiltrate 

Approximate time necessary 
to attain constant concentra- 
tion in ultrafiltrate 

mp 


ntn. 

2.9S 

0 


4.03 

68 

110 

5.47 

100 

80 


Experiment H. Hemoglobin; 0.5 per cent solution at pH 6.60; pressure, 500 mm. Hg; 
efiective area of filter, 19.7 sq.cm. 


3.28 

0 


5.90 

52 

120 

8.10 

100 j 

80 


Experiment HI. Human scrum; diluted 1:7 in 0.S5 per cent saline; no observations 
recorded concerning filtration time 


Pore diameter 

Per cent of original concentration in ultrafiltrate 

Albumin 

Globulin 

np 



4.23 

12.6 

0 

5.44 

31.5 

0 

5.66 

40.0 

18 

12.00 

56.0 

47 

17.07 

55.0 

65 


Experiment IV. Sodium arabinatc; used to ascertain effects of changes of pH and electro- 
lyte concentration on filtrability; concentration of gum, 3.9 gm. per cent; membrane 
porosity, 17 mp; effective area of filter, 99.4 sq.cm.; pressure, 500 mm. Hg 


Solution No. 

Per cent of original con- ! 
centration in ultrafiltrate 1 

Approximate time 
necessary to attain con- 
stant concentration in 
ultrafiltrate 



tntn. 

1. Water, pH 4.23 

2 

14 

“ “ 5.35 

13 

17 

“ “ 11.60 

0 


2. 2% Naa, pH 4.08 

18 

17 

2% " » 4.68 

20 

15 

5% “ “ 6.70 

46 

13 
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ReproducibilUy — Standard solutions of zinc chloride at constant 
temperature will produce membranes of known porosity, up to 
12 m^; there is some variation in porosity with pore sizes greater 
than this. 

Storage — Membranes after calibration can be kept unchanged 
indefinitely if soaked in 50 per cent glycerol and dried (McBain 
and Steuwer). 

Filtration Behavior of Selected Colloids 

Ferry (15) pointed out that an ultrafiltrate may be less con- 
centrated than the original solution because (a) the disperse phase 
may be adsorbed; (5) the disperse phase may block the pores; (c) 
the larger particles of the disperse phase may be mechanically 
retained — sieving. The sieving effect is the desired objective in 
ultrafiltration. Furthermore, when a colloid is being filtered, the 
concentration of the disperse phase in the ultrafiltrate must 
attain a constant level for the result to be acceptable. Optimal 
conditions for ultrafiltration are obtained when the concentration 
of the disperse phase is high, the total pore area relatively low, 
and isoelectric pH is avoided (Ferry). These factors all tend 
to lessen adsorption, a potent factor in the use of collodion mem- 
branes but probably negligible with cellophane. 

Filtration patterns of a number of colloidal solutions were 
determined. Protocols of a number of typical experiments are 
presented in Table II. 


SUMMAKY 

A method is described for the preparation of cellophane mem- 
branes of predictable pore size. It was found that the difference 
in pore size of membranes which allowed no passage of egg albumin 
and those which allowed complete filtration was very small. The 
same statement applies to hemoglobin solutions. This fact, 
according to Ferry, is an excellent criterion both for membrane 
isoporosity and molecular homodispersion. On the other hand, 
the range of pore sizes requii’ed for the filtration of the proteins 
of human serum was quite large, the data supporting the concep- 
tion that hurtian serum protein is a heterodisperse system. 
Changes in pH and in salt concentration were found to affect 
the filtrabihty of sodium arabinate markedly. 
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Cellophane membranes of graded porosit}' can easily and quickly 
be prepared by the use of zinc chloride solutions. These mem- 
branes, which are isoporous and reproducible, are suitable for 
ultrafiltration and fractional ultrafiltration of solutions of small 
colloidal molecules. 
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INFLUENCE OF lODOACETIC AGED ON SULFUR METAB- 
OLISM. GROWTH STUDIES IN THE YOUNG RAT* 


Br ELIZ.^BETH SIMON STEX^NSONf axd .ABRAH.MVI WHITE 

{From the Laboratory of Physiological Chemistry, Yale University 
School of Medicine, New Haven) 

(Received for publication, April 26, 1940) 

The extensive experimental use of iodoacetic acid for altering 
normal reactions has disclosed suggestive relationships between 
this compound and certain substances containing the sulfhydryl 
group. Iodoacetic acid inhibition of raethylglyoxalase is reversed 
by the tripeptide glutathione, or by cysteine (1); the poisoning 
effect of iodoacetic acid on the carbohydrate metabolism of brain 
tissue can be almost completely prevented by the addition of 
glutathione or cysteine (2); inhibition of development of sea 
urchin eggs, produced by iodoacetic acid, may be overcome and 
gron-th reinitiated under the influence of sulfhydrjd (3). These 
e.xperiments and many others strongly suggest that a portion of 
the effect produced by iodoacetic acid in many sj'stems ma}’- be 
explained on the basis of a combination of the halogen-containing 
acid with sulfhydryl, a reaction which has been demonstrated to 
occur in vitro (1, 3, 4) and which may be represented as follows: 
R— SH -f ICHjCOOH^R— SCH-COOH + HI. 

In \uew of the evidence suggesting a reaction between sulfhydryl 
and iodoacetic acid, the present study was initiated to examine the 
influence of iodoacetic acid on the reactions in the living organism 
which involve sulfur-containing compounds. It has previously 

* This investigation was aided by a grant from the Fluid Research Fund 
of Yale University School of Medicine. 

A preliminary report was presented before the American Society of 
Biological Chemists (Simon, E. E., and White, A., Proc. Am. Soc. Biol. 
Chem., J. Biol. Chem., 123, p. cix (1938)). 

t The data of this paper are taken from a portion of a dissertation pre- 
sented by Elizabeth Simon Stevenson as partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy, Yale University, 1939. 
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been demonstrated t.liat a wide variety of organic compounds 
inhibits the growth of young rats subsisting on a diet of relatively 
low content of sulfur-containing amino acids (5, 6). The data 
obtained have led to the suggestion that these growth-inhibiting 
substances exert their effect by imposing on the organism an 
abnormally high demand for the sulfur-containing amino acids 
for detoxication mechanisms. Thus the organism is deprived 
of essential elements required for the synthesis of the new tissue 
necessary for growth. 

With a similar experimental approach, a study has been made 
of the effect of iodoacetic acid on the growth of the rat. The 
influence of various supplements on the inhibited growth rate 
has been determined. 


EXPERIMENTAL 

Male rats, at weaning, were placed in individual cages and fed, 
ad libitum, a basal diet having the following composition: casein’ 
6, starch 50, lard 24, sucrose 15, cod liver oil 1, and salt mixture” 
4 per cent. In addition, each animal received a daily supplement 
of 400 mg. of dried yeast.^ When the animals had reached a body 
weight of approximately 75 to 85 gm., 100 mg. of iodoacetic acid’ 
were incorporated into each 100 gm. of the basal diet. Growth 
was immediately inhibited. After the animals had subsisted 
for at least 4 weeks on the iodoacetic acid-containing diet, a 
supplementary compound was incorporated into the ration already 
containing iodoacetic acid. The supplementary compounds and 
the amounts of each incorporated singly into each 100 gm. of the 
iodoacetic acid-containing basal diet were Z-cystine (360 mg.), 
f-cysteine hydrochloride (470 mg.), df-methionine (450 mg.), 
dZ-homocystine (402 mg.), d-cystine (360 mg.), taurine (375 mg.), 
anhydrous sodium sulfate (426 mg.), and Z-phenyluraminocysteine 
(717 mg.). The Z-cystine was obtained from hair; Z-cysteine hydro- 
chloride was prepared by reduction of Z-cystine (8) ; dZ-methionine 
was obtained from the Organic Chemical Manufactures Division, 

1 Casein No. 453, Casein Company of America. 

* Osborne and Mendel salt mixture (7). 

^ Northwestern Yeast Company. 

■* Eastman Kodak Company product, recrystallized from warm petro- 
leum ether until a melting point of 81-82° (uncorrected) was obtained. 
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University of Illinois. The rfZ-homocystine was prepared from 
dZ-methionine by the method of Butz and du Vigneaud (9), ^\•ith 
the modification suggested by Brand, Cahill, and Block (10). 
Optically pure d-cystine was obtained by resolution of dZ-cystine 

(11) ; taurine was prepared bj^ decarbo.\ylation of cysteic acid 

(12) ; Z-phenyluraminocysteine was obtained by the reduction of 
Z-diphenyluraminocystine vith thioglycolic acid, -nith subsequent 
purification by repeated precipitation from ethyl acetate solution 
by the addition of 5 volumes of petroleum ether. Analysis for 
sulfhj'diyd sulfur indicated that 75 per cent of the isolated product 
was in the reduced form. 

A second group of supplements was injected subcutaneously 
into animals ingesting the growth-inhibiting, iodoacetic acid-con- 
taining basal diet. Solutions of Z-cysteine hydrochloride (38 
mg. per rat per day), dZ-methionine (36 mg. per rat per day), and 
glutathiontf (56 mg. per rat per day) were made immediately prior 
to injection, each solution being adjusted to approximately pH 
7 with 0.1 N sodium hydroxide. Solutions of thioglj'cerol, ribo- 
flavin, and riboflavinphosphoric acid were made in quantities 
sufficient for not more than 1 week. 20 mg. of thioglycerol, and 
40 y each of ribofla'vdn and of ribofla\'inphosphoric acid were in- 
jected daily. Glutathione was obtained from Hofimann-La 
Roche, Inc.; thioglycerol (60 per cent solution in glycerol) was 
kindly furnished by the Abbott Laboratories, Chicago. Ribo- 
fla\dn was obtained from the S. M. A. Corporation, Cleveland. 
Riboflavinphosphoric acid was synthesized from ribofla^dn by the 
method of Kuhn and Rudy (13). All of the compounds employed 
were analytically pure. The required quantity of each of the 
injected supplements mentioned above was contained in an ad- 
ministered volume of 0.5 cc. The effect of cortin supplements 
was determined by injection of 1 cc. of a cortin solution (Upjohn) 
three times daily. The quantity of cortin administered is suf- 
ficient to maintain an adrenalectomized animal in a healthy con- 
dition. 


Results 

A summary of the average daily weight changes and food 
consmnptions under the various dietary conditions of the study 
is given in Table I and representative graphs rUustrating the 
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growth rates of the animals are presented in Figs. 1 to 3. The 
data show the inhibitory effect on growth resulting in young rats 
weighing about 80 gm. when iodoacetic acid is incorporated into 


Table I 

Summary of Average Weight Change and Average Food Consumption of 
Animals Receiving Basal Diet and Various Types of Supplements 


Diet j 

Designation 
of diet in 
Figs. 1 to 3 

No. of 
animals 
in 

group 

1 

Average 

daily 

weight 

change 

Average 
daily 
foou 
con- 
i sump- 
tion 

Basal 

C-6 

83 

4-1.8 

ffm, 

6.8 

“ + iodoacetic acid 

I 

95 i 

0.0 

3.6 

“ + injected iodoacetic acid 

I' 

8 

4-0.3 

5.3 

“ + “ " “ + in- i 

r-CH' 

3 

4-1.5 

5.7 

jected cysteine 

lodoacetic acid-containing basal diet -f 
each of the following growth-promot- 
ing supplements 


1 

1 


5.5 

Dietary Z-cystine 

I-ZC 

14 ; 

4-1.0 

“ Z-cysteine hydrochloride 

I-CH 1 

M 

4-1.3 

7.2 

Injected " 

I-CH' 

19 

4-1.0 

5.8 

Dietary dZ-methionine 

I-M 

9 1 

4-1.1 

5.4 

Injected . “ 

I-M' 

8 

4-0.7 

5.8 

Dietary dZ-horaocystine 

I-H 

' 4 

4-1.5 

6.3 

Injected glutathione 

1 I-GSH' 

1 s 

4-1.0 

5.1 

Iodoacetic acid-containing basal diet -f 
each of the following ineffective sup- 
plements 




4.2 

Dietary d-cystine 

I-dC 

5 

-0.2 

“ taurine 

I-T 

5 

4-0.1 

4.3 

“ sodium sulfate 

I-S 

1 4 

-0.4 

4.0 

“ Z-phenyluraminocysteine 

I-PC 


-0.2 

4.2 

Injected thioglycerol 

I-TG' 


4-0.2 

4.1 

“ riboflavin 

I-F' 


-0.05 

4.0 

“ riboflavinphosphoric acid 

I-FP' 

6 

-0.13 

4.1 

“ cortical extract 

I-CE' 

4 

0.0 

4.1 


the basal diet. This observation is similar to the finding of Laszt 
and Verzdr (14); the latter investigators succeeded in arresting 
growth by the inclusion of iodoacetic acid at a level of 1 part in 
5000 parts of diet. The addition of Z-cystine to the basal diet 








Fig. 1. Typical growth results obtained on basal diet, on basal diet irith 
added iodoacetic acid, and on iodoacetic acid-containing basal diet as 
influenced by various supplements. The diet employed in any portion of 
an experiment is indicated between two downward arrows representing the 
beginning and end of a period. For interpretation of the abbreviations 
designating the diets in various periods, see the second column of Table I. 
The quantities of the supplements administered are given in the text. 

average daily food consumption in gm. for the corresponding interval 
18 shown by the figures between the upward arrows. The initial and final 
body weights are presented in parentheses. 

stimulating ability of l-cystine in animals fed iodoacetic acid is 
strikingly similar to previous studies (5, 6) in ■which this amino 
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acid stimulated the growth of animals ingesting one of a wide 
variety of toxic, growth-inhibitory compounds. 

The experimental conditions under Avhich iodoacetic acid stimu- 
lated growth did not preclude a possibility which might modify 
the interpretation of the observed effect. Inasmuch as both l-cys- 



Fig. 2. For the dietary abbreviations used in this chart, see the second 
column of Table I. The other designations are the same as in Fig. 1. 

tine and iodoacetic acid were incorporated into the diet, it was 
possible that the two substances combined to form the kno^vn 
thio ether (1, 3, 4) before absorption from the gastrointestinal 
tract. In order to test this point, iodoacetic acid was fed in the 
diet, while 1-cysteine® was administered subcutaneously. Since 

® Z-Cysteine hydrochloride was used rather than Z-cystine because of 
the greater solubility of the former in water. The solution was prepared 
and neutralized as described in the text. 
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the injected amino acid stimulated gro\vth as well as did dietary 
cystine, it is concluded that the growth-promoting action of 
cystine supplements is not dependent on a preliminary combina- 
tion of iodoacetic acid with C3rstine prior to the absorption of 
these compounds. In other experiments, iodoacetic acid and 
Z-cysteine were injected subcutaneously on opposite sides of the 



Fig. 3. For the dietary abbreviations used in this chart, see the second 
column of Table I. The other designations are the same as in Fig. 1. 

animal further to demonstrate that the intestine, or an intestinal 
factor, does not detoxicate iodoacetic acid before absorption. 
The data in these instances were s imi lar to those obtained with 
orally administered supplements. Young rats exhibit an extreme 
sensitivity to injected iodoacetic acid, a fact previously noted by 
Genevois and Brisou (15). After a considerable number of 
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trials, it was found that the daily subcutaneous injection of an 
aqueous solution containing 0.4 nog, of iodoacetic acid, neutralized 
to pH 7.0 with 0.1 N sodium hydroxide, produced a gmih 
inhibition similar in extent to that observed with orally adminis- 
tered iodoacetic acid (1 part in 1000 parts of the diet). Cysteine 
injections under these circumstances caused a prompt resumption 
in growth, despite continued simultaneous injection of the halogen- 
containing fatty acid. It may be mentioned that rats obtained 
from different colonies, the Yale laboratory and the Connecticut 
Agricultural Experiment Station, exhibited striking differences in 
their ability to tolerate the toxic effects of injected iodoacetic 
acid. Young rats from the Connecticut Agricultural Experiment 
Station could not be employed for studies of the effects of in- 
jected iodoacetic acid, inasmuch as their growth was not in- 
hibited to any appreciable extent by the quantities of iodoacetic 
acid used to stunt animals in the laboratory colony. 

Further suggestive evidence indicating that the relationship 
between iodoacetic acid and cystine is metabolic in nature is 
seen in the restricted pathological changes found on histological 
examination.® The lungs, intestine, adrenals, pancreas, and 
spleen of iodoacetic acid-fed animals exhibited no abnormalities. 
However, in the four animals examined in detail, there was present 
marked necrosis of the convoluted tubules of the kidneys; destruc- 
tion of the cellular structure had occurred with no evidence of 
regeneration. The localization of the pathological symptoms 
emphasizes the fact that the effects of iodoacetic acid observed 
in the present study cannot be accounted for by wide-spread toxic 
symptoms in the animal organism. 

The sulfur-containing amino acids df-methionine, dZ-homocys- 
tine, and Z-cysteine have all been demonstrated to substitute for 
Z-cystine in the conventional cystine-low diets (16-18). Further, 
methionine functions in lieu of cystine in promoting growth m 
rats stunted by a wide variety of toxic, organic compounds 
(5, 6). In animals ingesting the iodoacetic acid-containing basal 
diet, all the aforementioned sulfur-containing amino acids support 
growth as well as does cystine. In addition, glutathione, which 
had previously been found to stimulate growth in animals given 

° Acknowledgment is made to Dr. Robert Tennant, of the Department 
of Pathology, for making the histological examinations. 
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a cystine-low diet (19), and in animals stunted by naphthalene 
(20) or by methylcholanthrene feeding (5), also actively pro- 
moted growth in the present experiments. 

In contrast to the above results, the unnatural isomer of cystine 
was unable to cause growth of rats stunted by means of iodoacetic 
acid. Two explanations may be suggested. It is possible that 
d-cj’stine may not be readily reduced to rf-cysteine, a reaction 
which might be expected to be a prerequisite for the postulated 
combination of the sulfhydryl group with iodoacetic acid. The 
failure of the organism completely to oxidize d-ej'stine (21) indi- 
cates that metabolism of this isomer may proceed in part along 
lines differing from those believed to predominate in the case of 
the naturally occurring isomer of c\'stine. A second explanation 
is based on the hj^pothesis of Stekol (22), suggesting that cystine 
for detoxication is drawn from the tissues. The failure of d-cys- 
tine to stimulate growth in iodoacetic acid-inhibited animals 
would thus be related to the inability of the de.vtrorotatoiy isomer 
to enter into the tissue protein as a structural component. 

The compounds Z-phenyluraminocysteine, taurine, thioglycerol, 
and sodium sulfate were tested as sources of various forms of sul- 
fur. The failure of these substances to promote growth demon- 
strates that the ability to stimulate growth in animals ingesting 
the iodoacetic acid-containing basal diet is not a general property 
of sulfate or sulfhydryl sulfur, but rather depends upon the 
specific chemical requirement for cystine or methionine or both 
or for compounds yielding one or both of these sulfur-containing 
umino acids in metabolism. 

Laszt and Verzdr (14) have reported that riboflavinphosphoric 
acid was capable of stimulating growth in rats strmted with 
iodoacetic acid; riboflamn was mthout effect under these con- 
ditions. In the studies reported here, the growth-promoting 
properties of these two compounds were compared. The effects 
on grondh rate produced by the injection of either ribofla-vin or 
riboflavinphosphoric acid into animals ingesting the iodoacetic 
acid-containing basal diet were practically identical (0.05 and 
0-13 gm. average daily weight decline, respective^). It is con- 
cluded that ribofia^^nphosphoric acid does not promote growth 
in animals ingesting iodoacetic acid under the experimental con- 
ditions employed. Laszt and Verzar (14) also claimed that the 
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administration of a cortical extract (cucortone) was effective in 
promoting gro^vtli in iodoacctic acid-fed animals. The latter 
investigators postulated that the cortex of the adrenal functioas 
antagonistically to iodoacctic acid and that an excess of the adrenal 
cortical hormone allows the organism again to resume normal 
phosphorylation processes. In the present study, however, when 
cortin was injected in an amount sufficient to maintain a com- 
pletely adrenalectomized animal in a healthy condition, no stimu- 
lus to growth was observed in rats stunted^by iodoacctic acid. It 
may be pointed out that the level at which iodoacctic acid was 
fed in the present study was considerably higher (1 part of iodo- 
acetic acid in 1000 parts of basal diet) than that employed by 
Laszt and Verzdr (1 part of iodoacctic acid added to 5000 parts of 
a milk-grain diet). Moreover, the latter investigators’ animals 
weighed only 50 gm. at the time that the halogen-containing acid 
was incorporated into the diet. 

The data which have been obtained support the general hypoth- 
esis (5) that the inhibition of growth produced in young rats by 
a wide variety of toxic compounds is related to the demands placed 
upon the organism by detoxication mechanisms involving either 
of the sulfur-containing amino acids, cystine and methionine. 
The detoxication requirements of the organism for these amino 
acids apparently take precedence over the needs for growth, 
and on a relatively Ioav pi’otein diet, Avith a limited supply of cys- 
tine and methionine, a wide variety of compounds may then pro- 
duce growth inhibition. The addition of either of these tAA’^o sulfur- 
containing amino acids, or of compounds which may ydeld either 
cystine or methionine in the organism, makes available material 
for both detoxication mechanisms and for the synthesis of new 
tissue protein. Under these conditions, a prompt resumption in 
growth occurs, despite the continued presence in the diet of the 
toxic foreign compound. It is realized that convincing proof for 
this hypothesis includes the demonstration by isolation of a 
detoxication product, involving one of the sulfur-containing amino 
acids, from the urine of the experimental animal following the 
administration of the toxic substance. Evidence of this type has 
been obtained only after the administration of bromobenzenc 
(22, 23), naphthalene (22, 24), and anthracene (25). 
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SUMMARY 

Growth inhibition has been produced in young rats b}' the addi- 
tion of iodoacetic acid to a basal diet of relatively low protein 
content. The superimposition of f-cystine, Z-cysteine hj’dro- 
chloride, dZ-methionine, or dZ-homocj'stine on this iodoacetic 
acid-containing basal diet results in a prompt stimulation of 
growth with a resulting weight gain comparable to that obseiY'ed 
in animals ingesting the basal diet alone. Subcutaneously in- 
jected Z-cysteine hydrochloride or glutathione was also capable 
of stimulating growth in animals stunted with iodoacetic acid. 
On the other hand, the addition of d-cystine, taurine, anhydrous 
sodium sulfate, or Z-phenjduraminocysteine to the basal diet 
containing the iodoacetic acid did not stimulate growth under the 
experimental conditions employed. Subcutaneously administered 
thioglycerol, ribofla\-in, riboflavinphosphoric acid, or cortical 
extract was also without effect on the inhibited growth rate. It 
is concluded that iodoacetic acid probably imposes a specific 
demand on the organism for the sulfur-containing amino acids, 
cystine or methionine, for detoxication purposes. Either of the 
latter compounds, or compounds jielding cystine or methionine 
in metabolism, may stimulate growth in the presence of iodoacetic 
acid by fulfilling the requirements for detoxication mechanisms 
and for the synthesis of tissue protein. 
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THE EFFECT OF DEPLETION OF EXTRACELLULAR ELEC- 
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The work of Gamble, Ross, and Tisdall (1) showed that, since 
the concentration of total base in serum tended to be held relatively 
constant, the volumes of the intracellular and extracellular phases 
of body water must be closely related respectively to the amounts 
of potassium and sodium in the bod}'. However, both in disease 
(2) and in experimental animals (3) large losses of extracellular 
electrolyte may not be accompanied bj' excretion of sufihcient water 
to maintain electrolyte concentrations at normal levels. When 
s'erum electrolyte concentrations are abnormal, indirect methods 
indicate that osmotic equilibrium is attained largel}* by shifts of 
water between the two phases of body fluid. However, difficulties 
(4-6) encountered in applying these simple concepts show that, 
unmodified, they are only rough approximations. Studies of the 
reactions in individual tissues are apparently necessar}- to clarify 
the factors controlling the metabolism of water and electroljde. 
The present paper gives the results of the analyses of liver, heart, 
and muscle of cats subjected to experimental losses of extracellular 
electrolyte. 

Pre\dous work has sho^m that increases in intracellular water 
of muscle accompany decrease in concentration of sodium in 
serum (7-10). However, it is now known that the proportion of 
potassium of muscle in relation to nitrogen and phosphorus may 
show large variations (7, 10-12) and it is now apparent that con- 

* Aided by grants from Child Neurology Research (Friedsam Founda- 
tion) and the Fluid Research Fund of Yale University School of Medicine. 
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siderable and variable amounts of sodium occur in muscle cells 
(9, 11-13). The magnitude of the shifts of water which ac- 
company changes in concentration of extracellular electrolyte is 
not known and the relation of these changes to alterations in the 
electrolyte patteim of the cell has not been systematically in- 
vestigated. In connection with the present investigation, the 
analyses of the brain showed that losses of potassium apparently 
were the chief means of attaining osmotic equilibrium between 
intracellular and extracellular fluids, disturbed by loss of extra- 
cellular electrolyte (14). Data which show the simultaneous 
changes in tissue water and electrolyte are not available for the 
heart. Although deposition of glycogen has been shown to be 
accompanied by retention of water, potassium, and sodium in the 
liver (15), but little is known of the osmotic adjustments between 
the two phases of liver water and the variations in tissue electrolyte. 
Apparently the properties of cellular membranes cannot be re- 
garded as limiting to shifts of water the response of cells to changes 
in the concentration of extracellular electrolyte. 

Procedure 

The cats were given the usual laboratory diet for at least 1 
week before the procedures to be described were carried ou^. 
Varying degrees of depletion of extracellular electrolyte were 
produced by the injection of 75 to 125 cc. of 5 per cent glucose 
solution intraperitoneally and subsequent removal of the fluid 
after 5 hours (3). The procedure was repeated the following day 
when more severe depletion was desired. In one group of animals 
so depleted, the fluid removed from the peritoneal cavity was 
replaced by an equal amount of 1 per cent solution of sodium sul- 
fate. This procedure was evolved after it was found that when 
sodium sulfate was not given cats did not survive the double re- 
moval of extracellular electrolyte except in rare cases. All ma- 
nipulations were carried out under nembutal anesthesia. The 
animals were killed 24 hours after the last depletion by severing 
the great vessels at the base of the heart. 

The chemical methods are given in previous publications (7, 13). 

Serum analyses are expressed per liter of serum in the case of 
potassium, and per liter of serum ultrafiltrate in the case of sodium 
and chloride. The concentration in the ultrafiltrate was calcu- 
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Iat€d from the content of serum water and the Gibbs-Donnan 
factor of 0.96. For reasons given elsewhere (10) tissue anah'ses 
are expressed per 100 gm. of fat-free solids. 

The statistical analysis was carried out according to the methods 
described b\' Dunn (16). Significant statistical correlations 
between the various factors were checked for rectilinearit 3 ' b\' 
spot diagrams. 

Results 

For simplicitj' in presentation the animals have been divided 
into four groups. Group I includes the normal animals, killed 
after a fast of 24 hours. Group II comprises the animals de- 
pleted of extracellular electrol 3 ’te. The animals in Group III 
were also depleted of var 3 'ing amounts of extracellular electroh-te 
but in addition received sodium sulfate as described above. 
Group IV makes up all the animals included in the first three 
groups. 

The essential points can best be brought out b 3 ' statistical 
treatment of the data. These have been summarized in Table I, 
which gives the number of animals in each group, and the means 
and standard errors of the various components of the serum and 
tissues. The last column gives the concentrations of sodium 
plus potas.sium in the tissue water in nui per liter. 

Changes in Serum 

The sera of the two groups depleted of extracellular electroh'te 
show certain differences. Those injected with sodium sulfate 
solution include the more severel 3 ' depleted animals and con- 
sequently exhibit a greater average reduction in chloride. Sodium, 
however, is slightl 3 ’- higher. While the animals subjected to simple 
depletion have abnormall 3 ^ high concentrations of potassium, this 
is, as a rule, below the normal value in those injected with sodium 
sulfate. Presumabl 3 ^ the oliguria and diminished glomerular 
filtration (17, 18) which develop in subjects with large deficits of 
extracellular electrol 3 'tes lead to retention of potassium when 
sodium sulfate solution is not given. However, the effect of 
sodium sulfate solution is apparentl 3 ' not attained soleh' b 3 ’ in- 
creasing the volume of glomerular filtration, since the non-protein 
nitrogen in Group III is definitel 3 ' elevated (69 ± 8 mg. per cent) 
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although not to as great an extent as in Group II (83 ± 13 mg. 
per cent). The finding of abnormall}'’ low values for potassium 
in the serum, muscle, and heart of Group III indicates that the 
excretion of potassium was promoted hy the excretion of sodium 
sulfate. 


Changes in Tissues 

Muscle — The concentration of tissue sodium and chloride 
decreases as the concentrations of these ions are diminished in the 
serum. The cats having a tendency to high concentrations of 
potassium in the serum (Group II) also show muscle potassium 
contents that are significant!}'- higher than those in the control 
cats. Conversely, the group showing a tendency to low concen- 
trations of serum potassium (Group III) has significantly low 
muscle potassium. Both groups of cats depleted of extracellular 
electrolyte show significant increases in tissue water, but no 
significant difiference from each other in this respect. Groups 
II and III show a decrease in the concentration of sodium plus 
potassium in tissue water but in neither case is the reduction as 
great as the decrease of sodium in the serum. Nitrogen and 
phosphorus show no significant changes. 

Liver — As in muscle, there is an increase in water and a decrease 
in chloride in the liver of the depleted animals. Moreover, in 
Group II there is a significant increase in potassium. The values 
for sodium show no change. There is an increase in nitrogen and 
phosphorus in the depleted animals of a proportionately equal 
magnitude. Although glycogen determinations were not carried 
out, presumably there was a decrease in the gl 5 "cogen content of 
the livers of the depleted animals which were fasted from 24 to 48 
hours longer than the controls. Since the values are expressed in 
terms of fat-free solids, the loss of glycogen would result in higher 
values for all the other constituents. This probabl}'' explains the 
changes in nitrogen and phosphorus. It should be noted, how- 
ever, that the changes in water and potassium are too large to be 
explained on this basis. When the values are expressed with 
nitrogen or phosphorus as the unit of reference, the increases of 
Avater in Groups II and III and of potassium in Group II are 
equally significant. As in muscle, the decrease in the concentra- 
tion of sodium plus potassium in liver water is significantly less 
than the decrease in serum sodium. 
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Head — In the heart, there is a decrease in sodium and chloride 
proportional to the decrease of these ions in the serum. The 
increase in potassium in Group II and decrease in Group III, as 
noted in muscle, are also e\ddent. Unlike muscle or liver, how- 
ever, there is no significant change in tissue water. Nitrogen and 
phosphorus show relatively constant values. As in the case of 


T.\ble II 

Significant Correlation Coefficients between Various Constituents of Muscle, 
Liver, and Heart, and Ultrafiltrate of Serum 


Where no value appears, the correlation coefficient was not considered 
significant Oess than twice the standard damnation of the coefficient). 


Group 

(Cl), 

(Na), 

(H.-0), 

(K), 

(K)t 

(P)< 

(HK)), 

(P), 

(N'a), 

(H,0), 

(B*), 

No.* 

ICIJ. 

INa], 

INal, 

[Na], 

(N), 

(Nj, 

(K), 

(K.), 

(K), 

(Na), 

INal. 


Muscle 


I 







j 0.76 

O.73I 0.62 1 0.71 


II 


0.58 

—0.57 




1 0.47 

1 ' 

! 1 

: 0.82 

III 

0.69 


-0.67 


1 

1 

1 



0.76 

IV 

0.55 

0.51 

-0.77 




1 0.39 

I 0-59 1 

[ 0.68 


Liver 


I 



1 

S \ 


0.73 

lilR 



II 

0.55 





0.80 



0.73 

III 



i 



0.57 


0.71 


IV 




Ji 



0.64j 


0.58 


Heart 


I 



II 

0.73 

0.72 

III 

0.88 

0.58 

IV 

0.83 

0.64 


0.82 

0.55 


* Group I normal. Group II depleted. Group III depleted and injected 
with NajSOi, Group IV total. 


muscle and liver the concentration of sodium plus potassium in 
the tissue water is decreased in the depleted animals, but to a 
lesser degree than is the sodium in the serum. 


Correlation of Components 

The significant correlation coeflficients between the various 
components of the tissues and serum in the different groups have 
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been summarized in Table II. Where no value appears, the 
respective correlation coefficient was not considered significant. 
The relationships between the various components will be de- 
scribed by means of regression equations which were determined 
from the data for the total group (Group IV) unless otherwise 
specified. In the subsequent discussion figures enclosed in 
parentheses represent tissue components and those enclosed in 
brackets, concentrations in the serum ultrafiltrate. All values 
are expressed as in Table I. The concentrations of sodium and 
chloride in the serum ultrafiltrate are understood to represent the 
concentrations of these ions in the extracellular fluid. 

Muscle. iCl)r[Cl]e — The relationship bet\veen muscle chloride 
and the concentration of chloride in the extracellular water is 
expressed by the following regression equation, (Cl)< = 
0.036[Cl]e + 1.06 ± 1.08,^ in which the standard error of the re- 
gression coefficient is 0.002, and of the intercept 0.13. The pres- 
ence of a significant intercept in the equation indicates that 
within the range of chloride concentrations in extracellular fluid 
found in this study (60 to 140 mu per liter) a small fraction of the 
tissue chloride does not vary directly wdth changes in concentra- 
tion of serum chloride. Analyses of several samples of muscle 
for red blood cells have indicated that erythrocytic chloride could 
account for only 0.05 mM per 100 gm. of fat-free solids. Manery, 
Danielson, and Hastings (19) have recently pointed out that 
connective tissue contains a relative excess of chloride over 
sodium. These authors estimate that in muscle about 1.0 mM 
of chloride per 100 gm. of fat-free solids may be associated with 
collagen rather than the ultrafiltrate of serum. This fraction of 
muscle chloride ’is similar in magnitude and may represent the 
non-diffusible chloride as described by the intercept in the re- 
gression equation. 

(Wa)r[A’a]c — The relationship between muscle sodium and the 
concentration of sodium in the extracellular fluid is expressed by 
the equation (Na)< = 0.059[Na]c — 0.9 ± 1.8, in which the stand- 
ard error of the regression coefficient is 0.012, and of the intercept 
0.15. The fact that the regression coefficient is greater than that 
of the analogous chloride equation indicates that an apparently 

‘ In this, and subsequent regression equations, this value represents the 
standard deviation of predictions calculated from the equation. 
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larger volume of fluid is required to contain diffusible muscle 
sodium than diffusible chloride at concentrations of a serum 
ultrafiltrate. Evidenee from three laboratories (9, 11, 13) 
indicates that a considerable and variable amount of sodium in 
muscle is intracellular. The present data support this conclusion 
and also suggest that intracellular as well as extracellular sodium 
of muscle probabl}' varies directlj’’ with the concentration of serum 
sodium. 

(HiO)r(K),, (No) I, [A''a]< — Muscle water varies directly with 
tissue sodium and potassium and inversely with the concentra- 
tion of sodium in the serum. The correlation of tissue water with 
tissue sodium is shown only in the normal group, and the cor- 
relation with tissue potassium is highly significant only in this 
group. In the group as a whole, the variations in tissue water 
are mainlj’ dependent on changes in the concentration of serum 
sodium, and, as is the case in the other tissues, almost entirely 
due to variations in intracellular water. The relationships may 
be expressed in the following regression equations. 

(HjO), = -1.52[Na), + 579 ± 15 

(HjO), = 3.52(K), + 190 ± 22 

Since there was no correlation (r = 0.0) between [Na], and (K)j, 
these two equations may be combined directly as the multiple 
regression equation (H20)( = 3.52(K), — 1.52[Na]j -h 411 ± 14, 
in which the multiple correlation coefiicient is 0.86. 

WTien there is little variation in concentration of serum sodium, 
such as is found in normal animals (Group I), there is a high degree 
of correlation between tissue water and tissue sodium and potas- 
sium. For the normal cats, muscle water maj' be predicted bj" 
the following multiple regression equation (HjO)« = 4.5(K)( + 
5.8(Na)( -f 85 ± 11, in which the multiple correlation coefiicient 
is 0.82. 

Liver. {CV)r{Cl]t — ^The relationship between liver chloride and 
the concentration of chloride in the extracellular water is expressed 
by the following regression equation, (Cl); = 0.077[Cl]j + 
1.4 ± 1.34, in which the standard error of the regression coefficient 
is 0.01, and of the intercept 0.2. As was the case in muscle, the 
presence of a significant intercept in the equation indicates that a 
small fraction of the liver chloride is presmnably non-diffusible, 
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or at least does not react like a serum ultrafiltrate. That the 
distribution of liver chloride is not compatible with the hypothesis 
that all chloride occurs as an ultrafiltrate of the blood has been 
evident from the observations of other investigators who noted 
that the ratios of chloride to sodium in the liver and serum were 
such as to indicate a relative excess of chloride, assuming both 
ions were present as ultrafiltrates (11, 20). 

The nature of the non-diffusible chloride represented by the 
intercept is not known. Analyses of livers in some cases for red 
blood ceils indicated that erythrocytic chloride could account for 
approximately 0.05 to 0.07 mM per 100 gm. of fat-free solids. 
The possibility of the presence of connective tissue chloride, such 
as has been pointed out in muscle, was tested by separate analyses 
of the liver pulp and the more fibrous portions. These fractions' 
Avere separated roughly by scraping. No significant differences 
in the chloride to serum ratios in the two fractions from the livers 
of two normal and six depleted cats were found. However, 
analyses of liver pulp and fibrous components do not exclude the 
presence of chloride in certain connective tissue cells not separated 
by the method employed. 

{Na)r[Na]c — The absence of significant correlation between liver 
sodium and the concentration of sodium in the extracellular water 
indicates that a considerable fraction of the tissue sodium is not 
present in the extracellular fluid, and not influenced by changes in 
serum sodium. It is not unlikely that the greater part of this 
fraction is intracellular but the evidence for this is only presump- 
tive. 

{H^O)r{K)t, {Na)i, [iVaJe — As in muscle, liver water varies 
inversely with the concentration of sodium in the serum, and 
directly with liver potassium and sodium. The correlation of 
tissue water with potassium is highly significant in all groups, but, 
with tissue sodium, only in Group III. From the magnitude of 
the changes in concentration of serum sodium as compared to the 
changes in tissue potassium and sodium, it is evident that in the 
depleted animals the major factor responsible for the increase in 
tissue water is the decrease in serum sodium. 

These relationships may be expressed by the following regres- 
sion equations. 

(HjO), = -2.1lNab + 595 ± 23 
(H,0), = 7.7(K), -h 51 ± 21 
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The multiple regression equation invoUing both variables is the 
folloiring, (H20)r = 5.1(K)t — 1.2[Na]« + 302 ± 18, in which the 
multiple correlation coefficient is 0.83. 

(A^(, (.K)t, (P)i — ^The presence of direct correlations between 
liver nitrogen, potassium, and phosphorus is presumably an ex- 
pression of the presence of vat^ung contents of glycogen in the 
livers. The point has been alluded to earlier in the discussion. 

Heart. (Cl)r[Cl\, — ^The relationship between heart muscle 
chloride and the concentration of chloride in extracellular fluid 
is e.xpressed by the following regression equation, (Cl)/ = 
0.144[C1]( — 0.26 ± 2.17, in which the standard error of the re- 
gression coefficient is 0.013, and of the intercept 0.28. Since there 
is no significant intercept, all tissue chloride may be considered 
diffusible and in equUibriiun with the e.xtracellular fluid. 

(iV’o)r[A^a]e — The correlation between heart muscle sodium and 
the concentration of sodium in the e.xtracellular fluid is expressed 
by the regression equation, (Na)/ == 0.22[Na], — 9.7 ± 2.9, in 
which the standard error of the regression coefficient is 0.029. 
Obviously tissue sodiiun cannot be present entirely as an ultra- 
filtrate of serum and show the relation to e-xtracellular sodium 
expressed in this equation. As in skeletal muscle, heart muscle 
sodium apparently occurs in at least two phases, as an ultrafiltrate 
of serum, and in the heart muscle cells. Assuming that the ratio, 
(Cl)/:[Cl]j, measures the volume of the fluid which reacts like an 
ultrafiltrate of serum, the average amount of intracellular sodium 
in Group I is 2.1, in Group II, 0.9, and in Group III, 1.8 mxr per 
100 gm. of fat-free solids. This represents an approximate intra- 
cellular concentration of 8, 3, and 7 mii per liter, respectively. 
As in the case of skeletal muscle, the intracellular sodium tends 
to be low when the tissue potassium is high, although there is 
scattering of the individual values. Moreov’^er, there is no corre- 
lation between the concentrations of sodium in the extracellular 
and intracellular fluids. Although intracellular sodium may be 
in part controlled by the concentration of extracellular sodium 
and the concentration of intracellular potassium, the present 
data do not define the interrelationship adequatelj'. 

{HzO) r{K) t, [A^aje, {Na)t — Unlike the correlation in the case of 
skeletal muscle and liver, none could be demonstrated between 
tissue water and the concentration of sodium in the serum, or with 
tissue potassium. The correlation with tissue sodium, particu- 
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larly in the normal group, is apparently due to variations in the 
volume of extracellular fluid, since a significant correlation could 
also be demonstrated between tissue water and tissue chloride. 

DISCUSSION 

The data may be used to throw light on the nature of the osmotic 
adjustment occurring in intracellular water in response to de- 
creases in the osmotic pressure of the extracellular fluids. Thermo- 
dynamic considerations indicate that approximate osmotic equilib- 
rium must be maintained between intracellular and extracellular 
fluids. If univalent base exerts the preponderant osmotic effect 
in both fluid compartments, the concentration of univalent bases 
will approximately measure the osmotic pressure. 

In the case of skeletal muscle, assuming no change in the sum of 
tissue sodium and potassium, the same change in concentration 
of univalent base in muscle water will be maintained when muscle 
water increases 2.3 ml. for each miu decrease in the concentration 
of serum sodium. However, in the regression equation express- 
ing the indirect relationship between tissue water and the con- 
centration of sodium in the extracellular fluid, the regression 
coefficient is 1.52 dr 0.15. In Table I it will be noted that in 
muscle the sum of sodium plus potassium remains fairly constant. 
The regression equation, therefore, indicates that V me’ water 
changes only about two-thirds as much as the simple thcojy pre- 
dicts. This is confirmed by the relationship between the con- 
centration of sodium in the extracellular water and the concen- 
tration of sodium plus potassium in tissue water, (B+)i. The 
regression equation for this relationship is (B+)( = 0.62[Na]e 
63.2 ± 7.7, in which the standard error of the regression coefficient 
is 0.09. The change in concentration of base in tissue water is 
only about two-thirds as great as the simple theory demands 
and agrees with the equation predicting tissue water from the 
concentration of extracellular sodium. 

The situation as regards the liver is somewhat different. As- 
suming no changO in the tissue sodium and potassium, the same 
change in the concentration of univalent base in liver water 
would be maintained if the tissue water increased 1.9 ml. for 
each mM decrease in the concentration of extracellular sodium. 
Actually, the regression coefficient in the equation expressing the 
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relationship between liver water and serum sodium is 2.1 db 0.3, 
a value not significantly different from that predicted by the sim- 
ple theon'. However, examination of Table I shows that the 
sum of sodium plus potassium in the tissue did not remain con- 
stant in the depleted animals. There occurred an increase in 
potassium which correlated mth the decrease in concentration of 
serum sodium. Thus, the increase in tissue water proved to be 
only one-half as great as would have been necessarj^ to maintain 
a change in the concentrations of univalent base in liver water 
equal to that of sodium in serum. This is brought out by the 
regression equation expressing the relationship between the 
concentration of sodium plus potassium in liver water, 
and the concentration of sodium in the extracellular fluid, (B+)/ = 
0.48[Na]t + 78.7 ± 7.4, in which the standard error of the re- 
gression coefficient is 0.10. 

As regards the changes in the heart muscle, the data do not show 
relationships between tissue water and any of the various com- 
ponents that will explain a drop in the osmotic pressure within the 
cells comparable to that which occurs in the e.xtracellular fluid. 
First, tissue water does not show an inverse relationship with 
serum sodium concentration. Second, tissue potassium shows 
but small fluctuations which could not account for alterations in 
the concentration of intracellular univalent base comparable to 
the variations in extracellular sodium. Third, the ratio (Cl) « : [Cl], , 
which approximately measures the volume of extracellular fluid, 
is relativel}’’ constant and indicates that significant variations in 
yolmne of intracellular water probably did not occur. Finally, 
there is no correlation between the concentration of sodium plus 
potassium in heart muscle water and the concentration of extra- 
cellular sodium (Table II). 

It is, therefore, evident that as regards the three tissues studied, 
since changes in freely diffusible elements cannot account for the 
fact that the concentration of imivalent base does not measure the 
osmotic pressure, changes in the osmotic pressure of some sub- 
stances within the cells must accompany changes in the concentra- 
tion of sodium in the serum. At present, the nature of the change 
or of the substances involved is not known. These findings show 
the difficulty of predicting the distribution of body water from 
balance experiments and suggest that shifts of water into cells 
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in response to decrease in concentration of extracellular sodium 
will be onl}'- about two-thirds that predicted by the assumption 
that the sole adjusting mechanism is transfer of water between 
the two phases of body water. 

Amberson, Nash, Mulder, and Binns (21) reported that tissue 
chloride varies directly with serum chloride in a number of tissues, 
but that in certain tissues, notably brain and stomach, the inter- 
cept in the regression equation is so large that chloride cannot be 
entirely accounted for in the serum ultrafiltrate. Their experi- 
ments differed from ours, first, in that the shorter period of 
equilibration gave less assurance that even approximate equilib- 
rium between blood and tissue fluids was attained and, second, 
in that chloride was displaced by sulfate rather than that both 
sodium and chloride were removed from the bod 3 ^ Although 
disagreeing Avith our results in the brain (14) their results in 
muscle, heart, and liver are comparable to ours. We agree with 
their view that each tissue must be examined from several points 
of view before it is decided what proportion of tissue chloride 
behaves as if it were present in an ultrafiltrate of serum. 

The slope, or regression coefficient of the equation predicting 
tissue chloride from the concentration of chloride in serum, pre- 
sumably measures the volume of water in AA'hich the diffusible 
chloride of the tissue exists at the concentration of an ultrafiltrate 
of serum. .It follows that, in any tissue, this volume of fluid 
represents the maximum volume that may be assumed to react 
like an ultrafiltrate of plasma. The maximum volume will equal 
the true volume of extracellular water only if it can be shown 
that diffusible chloride exists onlj'- in the extracellular compart- 
ment. Conclush’^e evidence of the hypothesis that practically 
all diffusible chloride is extracellular is not available. Neverthe- 
less the presumptive evidence is quite strong, since sucrose (22), 
thiocyanate, sulfate, and bromide (23) are all apparently dissolved 
in about the same volume of fluid. Our data indicate that in the 
calculation of the volume of extracellular fluid from the chloride 
concentrations in serum and tissues, 1 mM in the case of muscle 
and 1.4 mM in the case of liver should be subtracted from the 
total chloride of each 100 gm. of fat-free solids of the tissue. 

Since the ratio of diffusible chloride in the tissues to the con- 
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centration of chloride in the extracellular fluid is constant, it may 
be assumed that the increases in muscle and liver water in the 
depleted animals are practically entirely confined to the intra- 
cellular compartment. 

The data add to the evidence obtained in other tj^jes of experi- 
ments that tissue sodium cannot be entirely present as an ultra- 
filtrate of plasma. This is indicated by the differences between 
the ratios (Na)«:[Na]e and (Cl)/:[Cl]t in the individual tissues, 
as well as bj' the nature of the respective sodium regression equa- 
tions. It would seem reasonable to assume that there is a con- 
siderable but variable quantitv' of sodium in the cells. However, 
the present data throw little light on the factors influencing the 
concentration of intracellular sodium. Heppel ( 11 ) has shown 
that in muscle, when cellular potassium decreases in response to 
a diet low in potassium, approximately equiv’alent amounts of 
sodium enter the cells. Similarl3', in the skeletal and cardiac 
muscle of our depleted cats that received sodium sulfate solution, 
abnormall}' low tissue potassiums were in manj’’ instances asso- 
ciated with increases in tissue sodium that could not be related 
to increases in concentration of sodium in the serum, nor increases 
in v'olume of extracellular water. Howev^er, although it is sug- 
gested, the data do not show conclusivelj' a reciprocal relationship 
between tissue sodium and potassium. This is indicated bj’’ the 
absence of significant correlation coefiicients between these 
factors. 

In Table I it will be noted that in the three tissues, an increase 
in tissue potassium is foimd in Group 11 in conjunction with an 
increase in serum potassium. Moreover, in skeletal and cardiac 
muscle, abnormaU3' low values for tissue potassium in Group III 
are associated with abnormall3' low concentrations of semm potas- 
sium. Inspection of the individual values, however, shows that 
aU levels of tissue potassium ma3' occur with quite large variations 
in serum potassimn, so that significant correlations between these 
two components could not be demonstrated in an3' of the groups. 
Thus, while common factors ma3’- influence in a similar fashion the 
concentration of potassium in the extracellular and intracellular 
fluids, there is no obligate relationship between the concentrations 
of potassium in the two compartments. 
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SUMMARY 

Cats were subjected to procedures leading to loss of extracellular 
electrolyte. Skeletal muscle, liver, cardiac muscle, and serum 
were analyzed for the principal inorganic anions and cations, 
water, nitrogen, and fat. Statistical analyses of the data indi- 
cated the following conclusions as regards these tissues. 

Tissue chloride varies directly with the concentration of serum 
chloride in such a manner as to be compatible with the hypothesis 
that practically all tissue chloride is diffusible, and at the concen- 
tration of an ultrafiltrate of serum. A small fraction of the 
chloride in muscle and liver, however, does not vary directly with 
serum chloride. 

Sodium in skeletal and cardiac muscle varies directly with the 
concentration of serum sodium but the evidence indicates that 
considerable and variable amounts occur in the intracellular 
phase as well as in the extracellular water. In the liver, there was 
no correlation between tissue sodium and the concentration of 
serum sodium. 

The water of skeletal muscle and liver varies indirectly with the 
concentration of serum sodium. The increase of water in these 
tissues accompanying decrease in concentration of serum sodium 
is principally intracellular. In cardiac muscle the volume of 
tissue water was unaltered by depletion of extracellular electrolyte. 

The relationship between the concentration of univalent base in 
tissue water and the concentration of sodium in serum indicates 
the following facts. In muscle and liver decrease in concentration 
of serum sodium is accompanied by a shift of water into the cells 
which is only sufficient to decrease the concentration of univalent 
base in the cells about one-half to two-thirds of that necessary 
for equal change in the concentration of univalent base in the two 
compartments. In the heart, decrease in the concentration of 
sodium in serum is unaccompanied by evidence of shift of water 
into the cells or of loss of univalent base from the cells. Appar- 
ently univalent base is only one of the factors determining the 
distribution of water between the intracellular and extracellular 
phases. 
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THE INFLUENCE OF THE TYPE OF CARBOHYDRATE 
INGESTED UPON CITRIC ACID PRODUCTION* 

By CURTIS E. jMEYERt axd ARTHUR H. SMITH 

(E TOm the Department of Physiological Chemistry, Wayne University College 
of Medicine, Detroit) 

(Received for publication, April 29, 1940) 

The “citric acid cycle” hypothesis of carbohj’^drate oxidation 
has stimulated an interest in the general relationship of citric 
acid to carboh 5 ’drate metabolism. lOebs and Johnson (1937, a) 
and Ivrebs (1937) have presented etddence which they believe 
demonstrates that a cataljdic sj^stem composed of certain dicar- 
bo.xylic acids and citric acid “outlines the principal pathway of the 
oxidative breakdown of carboh 5 ’’drate in muscle tissue.” Ac- 
cording to their scheme, an increased rate of oxidation of carbo- 
hydrate would result in the elaboration of more citric acid. A 
precursor of the citric acid thus formed might be anj' other 
member of the cycle. Ifjebs and Johnson (1937, b) showed that 
succinic acid may be synthesized in small amounts by animal 
tissue in vitro if pyruvic acid is available. On the basis of this 
observation these authors infer that the origin of citric acid is 
explained. 

Although Greenwald (1914) showed that citric acid is practi- 
cally quantitatively converted to glucose in the human diabetic 
and in phlorhizinized dogs, definite e\ddence that the reverse 
reaction occurs in animals is lacking. The ingestion of glucose 
has been reported to have no effect in human beings either on 
the excretion of citric acid (Kuyper and Mattill, 1933) or on its 
concentration in the blood (Lenn6r, 1934). Sherman, Mendel, 
and Smith (1936) were imable to obtain convincing evidence that 

* A preliminary report was made at the 99th meeting of the American 
Chemical Society at Cincinnati, April, 1940. 

t Chas. Pfizer and Compan 5 ' Fellow in Physiological Chemistry, 
1938-39. 
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Carbohydrate and Citric Acid 


sucrose gives rise to citric acid; when dogs fed a fcitrate-low diet 
wei-e given an increased amount of sucrose, no significant change 
in the urinaiy output of citric acid was noted. However, when 
sodium bicarbonate was administered, there was an indication 
that the resultant increased excretion of citric acid was further 
augmented by a carbohydrate-rich diet as contrasted with a 
protein-rich diet. More recently Smith and Meyer (1939) 
observed that rats excrete considerably more citric acid when 
maintained on diets rich in dextrin or fat than wlien protein 
(lactalbumin) provides a larger proportion of the dietarj'’ energy. 
They interpreted this observation to mean that the citric acid 

Table I 

Composition of Diels 


Each rat received a solution containing 80 mg. of liver extract, Lilly, 
No. 343, and 200 mg. of ryzamin-B concentrate per day (1.032 mg. of citric 
acid per 3 days). 


1 

j 

"Hexoso”* 

Sucrose 

Dextrin and 
starch 

Lactalbumin 

14.0 

14.0 

14.0 

Carbohydrate* 

65.1 

61.8 

58.6 

Crisco 

20.0 

20.0 

20.0 

Cod liver oil 

5.0 

5.0 

5.0 

Salt mixture! 

2.4 

2.4 

2.4 


106.5 

103.2 

100.0 


* Glucose, fructose, or galactose, 
t Hubbell, Mendel, and Wakeman (1937). 


normally excreted is derived from metabolic products of fats and 
carbohydrates. 

A question naturally arises as to whether the differences in 
results noted in the foregoing two investigations are due to dif- 
ferences in species or to the nature of the carbohydrates ad- 
ministered. The data presented in the present paper are derived 
from a study of the effects of feeding, to rats, diets rich in various 
carbohydrates. 

EXPERIMENTAL 

The experiments were conducted in the same manner as those 
described previously by Smith and Meyer (1939). The composi- 
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tion of the rations is given in Table I. The dextrin diet was the 
one used earlier (Smith and Meyer, 1939), while in the case of the 
glucose, fructose, galactose, and sucrose diets, adjustments were 
made in the quantitj' of the respective carbohydrate in order to 
provide an “effective” level equivalent to dextrin. Starch was 
used in the same amount as dextrin. 

Groups of four rats were maintained on each of the diets for 21 
days. Food consumption and weight changes were noted everj' 3 
days. Urine for citric acid analyses was also collected at 3 day 
intervals. The citric acid was determined by the method of 
Pucher, Sherman, and Vickerj' (1936), the final measurement being 

Table II 

Cilric Acid Production of Rais on Various Carbohydrate Diets 
Each number represents the average citric acid production for one rat 
for seven 3 day periods. 


Glucose 

Fructose 

G&locto&e 

Sucrose 

Starch 

Dextrin 

np. 

mg. 

mg. 

mg. 

mg. 

mg. 

15.2 

14.4 

17.8 

7.4 

16.3 

23.6 

19.9 

15.3 

7.1 

20.7 

24.8 

24.1 

8.9 

11.2 

9.1 

58.6 

19.1 

22.7 

3.3 

4.7 

10.7 

15.8 

40.2 

32.6 

11.8 

11.4 

11.2 

20.6 

25.1 

25.7 


made with a photelometer having a color filter with maximum 
transmission at 4250 A. 

As in earlier work, considerable variation in the citric acid pro- 
duction within the group on each diet was noted. However, 
fluctuations in the periodic quantity produced bj' any one rat 
were tnthin rather narrow limits, so that a distinct individualitj' 
was discernible. Reference may be made to Table II in a pre- 
vious paper (Smith and Meyer, 1939) for similar examples of this 
characteristic; only the average values for each rat are presented 
here and these data are recorded in Table II. The values pre- 
sented represent the urinaiy excretion minus the quantities of 
citric acid ingested in the diets. The intakes of citric acid were 
negligible, with a maximum difference of 0.2 mg. per daj' due to 
the amoimts present in the various diets. 
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While there was considerable individual variation on any one 
diet during the entire 21 days, a striking constancy prevailed in 
the average citric acid production of rats in the hexose groups. 
Contrasted with an average production of 11 mg, per 3 days on 
either the diet high in glucose, fructose, or galactose are the 
values of 25 mg. for the dextrin and starch groups. The rats 

Table III 

Citric Acid Production of Rats on Diet High in Dextrin Compared with Diels 
High in Other Carbohydrates 

Each number represents the average citric acid production for one rat 
for five consecutive 2 day periods. 


Diet 


Glucose 

Fructose 

Galactose 

Sucrose 

Starch 

mg . 

mg . 

mg . 

mg . 

mo . 

9.0 

9.7 

13.5 

21.3 

24.8 

8.9 

6.8 

11.8 

17.0 

31.2 

16.1 j 

19.3 

4.0 

15.5 

38.1 

12.4 

4.8 

5.1 

15.5 

18.5 

11.6 

10.1 

8.6 

17.3 

28.1 

DoKtrin* 

22.3 

21.5 

64.7 

32.0 

13.2 

8.8 

19.0 

54.8 

! 17.4 

22.4 

29.3 

39.0 

60.8 

27.6 

33.8 

16.1 

15.0 

53.9 

23.0 

21 . 9 ^> 

19.1 

23.6 

58.5 

25.0 

22.8 


* The contrasting values for an individual rat occupy the same relative 
positions in the upper and lower parts of the table. 


maintained on the sucrose-rich diet produced an intermediate 
average quantity of 20.6 mg. of citric acid in 3 da 3 ’-s. 

Although not a single animal in the three hexose groups ex- 
creted as much citric acid as the average excretion in the other 
groups, in some cases considerable indiAudual overlapping did 
occur. For instance, one rat which received the glucose diet 
averaged 19.9 mg., while the value for one animal given sucrose 
was onty 7.4 mg. Likewise, another rat on the sucrose diet 
averaged 58.6 mg. of citric acid which was considerably greater 
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than that for anj' of the animals on the dextrin or starch diets. 
Owing to these de^dations from the group averages, it might be 
concluded that one group excreted a greater quantity of citric 
acid than another merelj’’ because of a fortuitous selection of its 
members. Consequentlj', the influence of different carbohydrate 
diets upon the same animal was studied. It was believed that 
in this manner indi^ddual variabilitj* might be circumvented; if an 
animal excreted more than its experimental mates on one partic- 
ular carbohydrate diet, it would continue to do so on another. 
The glucose, fructose, galactose, sucrose, and starch diets were 
given to groups of four rats each for 10 days and then all were 


Table IV 

Comparison of Citric Acid Excretion with “Effective” 
Carbohydrate Consumption* 


Diet 

eeries 

1 2nd series 

1 Cfirbohy- 

j drate 1 
consumed | 

Citric add 
excreted 

Carbohy- 

drate 

consumed i 

F 

Citric add 
excreted 


jrm. 1 

my. 


my. 

Glucose 

6.66 i 

3.9 

7.58 j 

5.8 

Fxuctose 

6.4S ' 

3.8 

! 5.56 1 

5.0 

Galactose 

7.15 : 

3.7 

! 6.66 

4.3 

Sucrose 

8.01 ! 

6.8 

6.0.5 

1 8.7 

Dextrin 

6.9S ; 

8.9 


t 

Starch 

7.55 ! 

8.4 j 

7.10 

14.0 


* “Effective” carbohydrate consumption per rat per day is calculated 
on the basis that all carbohydrates are converted to hexoses. 


replaced b}' the de.xtrin diet for another 10 dat's. The effects 
of these regimens on the excretion of citric acid are shown bt' 
the data in Table III. During the fore period the animals com- 
prising the sucrose and starch groups again excreted more citric 
acid than the rats fed hexose diets. Concomitantly with the 
change to the dextrin diet, immediate adjustments in the produc- 
tion of citric acid were noted ; there was a prompt increase in the 
case of the hexose and sucrose gi’oups with a sh’ght decrease in the 
starch group. The most striking response was manifested by the 
animals which were changed from the galactose to the de.xtrin 
diet, a 7-fold increase resulting from this substitution. 
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An accurate record of food consumption was kept. Table IV 
contains the daily average individual carbohydrate consumption, 
expressed as hexose, of the rats on the various diets. These values 
are compared with the corresponding quantities of citric acid 
excreted. It is obvious that the differences in citric acid values 
are not due to a quantitative difference in consumption of the 
various carbohydrates. 

Wliy sucrose, dextrin, and starch, carbohydrates which are 
hj'^drolyzed to glucose before absorption, are more effective pro- 
moters of citric acid excretion than is glucose is not clear. It was 
thought pertinent to determine the relative excretion of citric acid 
of rats consuming diets containing equivalent quantities of glu- 
cose, invert sugar, and sucrose. Four rats were placed upon each 
of such diets, but it was not possible to distinguish sufficiently 
between the quantities of citric acid eliminated to reach a definite 
conclusion. Accordingly, six other animals Avere given the diet 
high in glucose for 10 days, and then transferred to the sucrose- 
rich diet with a view to subsequent transfer to one containing an 
equivalent of invert sugar. The excretion of citric acid on the 
two diets did not consistently differ sufficiently to offer a basis 
for comparison, so that the invert sugar regimen Avas not instituted. 
All the rats were then transferred to a diet high in dextrin 
and subsequently to the glucose ration. When this Avas done, 
the excretioh of citric acid dropped from a grand average of 29.3 
mg. for four 2 day periods on the dextrin to 17.2 mg. on the 
glucose, shoAving again the same relative effectiveness of these 
tAvo carbohydrates as observed Avith the first series of animals. 

It Avas thought that possibly intestinal bacteria might be 
responsible for the differences that Avere observed, for it is knoAvn 
that the polysaccharides are more conducive to bacterial growth 
than are simpler sugars. To our knoAvledge there are no reports 
in the literature on the synthesis of citric acid by bacteria. To 
test this possibility, two groups of six rats each Avere fed diets 
which give maximum differences in urinary citric acid excretion. 
One group Avas fed the “standard” diet previously used by Smith 
and Meyer (1939), Avhile the other group received the galactose 
diet for 6 days and Avas then transferred to the one high in dextrin. 
Although the second group had been conditioned for only this 



C. E. Meyer and A. H. Smith 


745 


brief period on the galactose diet, a 4-fold increase in urinarj’^ 
citric acid was obsen'cd when the transfer was made. Feces 
were also collected and analj’zed for citric acid. After 6 da 3 's on 
the standard diet, the first group was sacrificed and their intestinal 
contents and intestines were analyzed. The second group was 
similarh’’ treated after it had been on the de.Ktrin diet for 6 daj^s. 
The average fecal e.\'cretion for two 3 da 3 ' periods for the first 
group was 1.8 mg. and 3.0 mg. and for the second group 2.2 and 
2.8 mg. The average quantities of citric acid found in the 
intestines and their contents were 1.1 mg. for both groups. 

This experiment did not exclude the possibilit 3 ' that rapid ab- 
sorption might mask a differential S 3 mthesis b 3 ^ the bacteria. 

Table V 


Effect of Intestinal Bacteria upon Small Quantities of Citric Acid 


Carbohydrate 

Quantity of 
carbohydrate 

i 

Citric acid 

[ Control 

Experimental 


jj—j—gillllll 


|||||||KM|[H 

Galactose 








Sucrose 

0.19 

0.42 

0.32 


0.19 

0.42 

0.32 

Dextrin 

0.18 

0.44 

0.24 


0.18 

1 0.44 

0.32 


To test further the possibility of bacterial synthesis, their effect 
upon different carboh 3 "drates was determined in vitro. 8 gm. of 
intestinal contents from a rat were diluted to 100 cc. with normal 
saline. 5 cc. of this suspension were used in each determination 
indicated in Table V. To each tube were also added 40 cc. of a 
solution containing 0.32 gm. of desiccated beef broth and 0.32 
gm. of sodium chloride, and the quantit 3 ’- of the carboh 3 'drate 
indicated in Table V. The controls which were made for each 
carbohydrate were immediately heated with 5 cc. of 50 per cent 
sulfuric acid. The others were kept in an incubator at 37° for 66 
hours and then analyzed for citric acid. The results indicate that 
no citric acid was produced; rather, in each case, there was a 
slight destruction of this compound. 
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DISCUSSION 

It is apparent from the present work and that previously pre- 
sented (Smith and Meyer, 1939) that the quantity of citric acid 
produced by an animal is governed to a considerable extent by the 
type of diet ingested. That this response is an intrinsic property 
of the dietary constituents rather than a reflection of the well 
known acid-alkali influence on citric acid excretion is now espe- 
cially evident. Certain carbohydrates change the pH of the 
intestine through their influence on the type of bacterial flora in 
the gut and thus would favor the absoiption of acid. It is, how- 
ever, the polysaccharides which favor the acidophilic intestinal 
bacteria, and hence, from the known influence of acid-base balance 
on citric acid synthesis, should effect a decreased elimination of 
citric acid. This is not in accord with the results obtained. 

Although it was found that rats which ate a diet high in dextrin 
did not excrete more citric acid in the feces than others on the 
standard- diet (while they were excreting considerably more in the 
urine) and that no more was present in their intestines immediately 
after death, this alone does not exclude a synthesis by bacteria 
in the gut. However, the fact that intestinal bacteria destroyed 
small quantities of citric acid in vitro renders synthesis by these 
organisms unlikely. 

Bacteria do, of course, synthesize other organic acids, and some 
of these might be precursors of citric acid. Whether the quantities 
of such organic acids produced by bacteria are large enough to 
cause an increase in the urinary citric acid is questionable, for 
when large quantities of citric acid itself are given to various 
species of animals, it is virtually completely oxidized, rarely more 
than 2 per cent appearing in the urine. On this basis, the intestinal 
flora of the rats which had been changed from a galactose-rich 
to a dextrin-rich diet would have had to synthesize an equivalent 
of over 1.4 gm. of citric acid per day in order to account for the 29 
mg. in the urine of this group. Further evidence against bacterial 
synthesis as the responsible factor in the increase in urinar}’’ 
citric acid is provided by the data of Kuether, Meyer, and Smith 
(1940) which show that the oral administration of free citric acid 
to the rat actually results in a diminution of its excretion in the 
urine. 
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At present no satisfactory’ explanation ean be given for the 
stimulating effect of carbohydrates on the endogenous production 
of citric acid, much less for the difference between the monosac- 
charides and the polj’saccharides in this respect. The exceptional 
production of citric acid by the galactose-fed animals when trans- 
ferred to a high de-xtrin diet recalls the uncommon behaiior of 
this sugar as regards ketolj’sis and the formation of glycogen (see 
Deuel (1936)). 


SUIQIABT 

It has been obserx’ed that when carbohj’drate comprises 65 per 
cent of a ration, e.xpressed as glucose, the indi\'iduaht 3 ’ of the 
carbohydrate has an influence on the amount of urinarx’ citric acid 
excreted bj’ rats. Whereas the e.xcretion of citric acid was prac- 
tically the same when the diets contained this quantity of glucose, 
fructose, or galactose, it was more than twice as much when the 
carbohydrate was dextrin or starch. 

BIBLIOGRAPHY 

Deuel, H. J., Jr., Physiol. Rev., 16, 173 (1936). 

Greenwald, I., J. Biol. Chem., 18, 115 (1914). 

Hubbell, R. B., Mendel, L. B., and Wakeman, A. J., J. Nutrition, 14, 273 
(1937). 

Krebs, H. A., Lancet, 2, 736 (1937). 

Krebs, H. A., and Johnson, W. A., Enzymologia, 4, 148 (1937, a); 
Biochem. J., 31, 645 (1937, 6). 

Kuether, C. A., Meyer, C. E., and Smith, A. H,, Proc. Soc. Exp. Biol, and 
Med., in press (1940). 

Kuyper, A. C., and Mattill, H. A., J. Biol. Chem., 103, 51 (1933). 

Lennfer, A., Skand. Arch. Physiol., 67, 221 (1934). 

Pucher, G. W., Sherman, C. C., and Vickery, H. B., J. Biol. Chem., 113, 
235 (1936). 

Sherman, C. C., Mendel, L. B., and Smith, A. H., J. Biol. Chem., 113, 247 
(1936). 

Smith, A. H., and Meyer, C. E., J. Biol. Chem., 131, 45 (1939). 




THE d-AMINO ACID OXIDASE CONTENT OF RAT TISSUES 
IN RIBOFLAVIN DEFICIENCY* 


Br A. E. AXELROD, H. A. SOBER, and C. A. ELVEHJEM 

{From Ike Dcparimcnl of Biochcmislry, College of Agriculture, University 
of n’lseonsin, Madison) 

(Received for publication, April 27, 19i0) 

The elucidation of the structure of a number of the coenzymes 
which are involved in man 3 ’^ of the oxidative processes of the cell 
has produced the significant observation that at least three \'ita- 
mins are essential constituents of such coenzymes. Thus, thi- 
amine and nicotinic acid amide have been shown to be components 
of cocarbo.xylase and the p 3 Tidine nucleotides respectiveh’' (1-3). 
The situation is more complex with respect to riboflavin. Until 
quite recently riboflavin, as ribofla^dn phosphate, was reco^'zed 
only as a constituent of Warburg’s “yellow ferment.” Within 
the past 2 years the role of ribofla\dn in enzymatic processes has 
assumed greater significance through the knowledge that there 
exists a whole group of enzymes with prosthetic groups containing 
riboflavin, usually as riboflavin-adenine dinucleotide. In this 
group are included “new” yellow enzyme, Warburg and Christian 
(4)j d-amino acid oxidase, Warburg and Christian (5); yeast 
fla%'oprotein, Haas (6); milk flavoproteins with diaphorase and 
xanthine oxidase actmties, Corran and Green (7), Ball (8); heart 
muscle flavoproteins with diaphorase activity, Straub (9), Adler 
et al. (10); liver flavoproteins with xanthine o.xidase activity, 
Corran el al. (11) and Subrahmanyan et al. (12); yeast fumarate 
hydrase, Fischer ei al. (13); and a constituent of the bacterial 
pyruvate oxidase system, Lipmann (14). 

The relationship of the above observations to the physiological 

* Published with the approval of the Director of the Wisconsin Agri- 
cultural Experiment Station. 

Supported in part by a grant from the Wisconsin Alumni Research 
Foundation, 
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Riboflavin Deficiency 


role of these vitamins becomes apparent. It is reasonable to 
assume that these vitamins function as precursors of their re- 
spective coenzymes and that pathological manifestations in the 
given vitamin deficiencies are due in part to a disturbed metab- 
olism resulting from a deficiency of the essential coenzyme Such 
coenzyme deficiencies have been observed in thiamine (15), nico- 
tinic acid (16-18), and riboflavin avitaminoses (19). 

We have previously reported in a preliminary communication 
(20) that a riboflavin deficiency results in a lowered d-amino acid 
oxidase content of rat liver and kidney, Ochoa and Rossiter 
(19) have demonstrated similar decreases in the total ribofla\’in- 
adenine dinucleotide content of rat heart and liver in riboflavin 
avitaminosis. In this paper we shall present a more detailed 
account of our work with particular reference to the effect of 
other members of the vitamin B complex upon the in vivo syn- 
thesis of d-amino acid oxidase. 

M ethods 

Treatment of Animals — Two basal rations were employed to 
produce deficiencies in various members of the vitamin B complex. 
The less synthetic Ration K-12 is low in riboflavin, factor W, 
vitamin Be, and possibly pantothenic acid (21). The highly 
synthetic basal Ration J-30 is devoid of all known membeis of 
the vitamin B complex required by the rat except those already 
added (Table I). 

Albino rats of both sexes wnre placed on experiment at 21 days 
of age. The groups receiving basal Ration K-12 Avere depleted 
for 6 to 8 weelvs, while those receiving Ration J-30 were depleted 
for 3 weeks. The animals Avere fed ad libitum with the exception 
of one group receiving Ration K-12 plus riboflavin plus factor W 
concentrate Avhose food intake AA'as restricted to that of a group 
receiving only basal Ration K-12. At the end of the respective 
depletion periods, groAvth had ceased in both groups. Symptoms 
of alopecia Avere observed in a number of rats receiving basal 
Ration K-12. No external symptoms Avere evidenced in the group 
fed Ration J-30. The rats were then placed in individual, Avire- 
bottomed cages and, in addition to their basal ration, Avere supple- 
mented Avith various members of the vitamin B complex for 2 to 4 
Aveeks. The grouping of the rats according to the supplements 
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received is given in Table II. The large majority of the rats 
consumed their supplements immediately although in a few cases 
it became necessary to withhold their water for a short period of 
time. The daily supplements consisted of (1) synthetic ribo- 
flavin, 40 micrograms, (2) sjmthetic vitamin Bj,* 40 micrograms, 
(3) muscle adenylic acid,- 100 micrograms, (4) a factor W concen- 
trate (23) = 0.4 gm. of liver e.vtract.^ This concentrate was 
free of vitamin Bb and ribofla\dn but furnished adequate amounts 


Table I 

Composition of Basal Rations K-IS and J-SO 


Componenta 

Ration K-12 

Ration J-30* 

White com, gm 

12.5 


Dextrin, gm 

58 


Sucrose, " 

76 

Labco casein, gm 

18.5 

18 

Salta 3 (22), ’ " 

4.0 

4 

Butter fat (washed), gm 

5.0 


Com oil, gm • 

2 

Cod liver oil, gm 

2.0 


Thiamine hydrochloride, y 

Nicotinic acid, mg 

200 

300 

1 5 



0 




* 2 drops of haliver oil were fed weekly to each rat. 


of factor W and pantothenic acid at the levels fed. The animals 
were weighed weekly. 

Determination of d-Amino Acid Oxidase — The kidney and liver 
were removed from a decapitated rat and freed from any adherent 
blood tvith moistened filter paper. A portion of the tissue was 
placed on solid carbon dioxide and reserved for the riboflavin 
analysis. Another portion was weighed into a tared homogenizer 
tube and immediately homogenized (24) with 5 volumes of dis- 

' We are indebted to Merck and Company, Inc., Rahway, New Jersey, 
for generous supplies of thiamine, nicotinic acid, and vitamin Be. 

’ The muscle adenylic acid was purchased from the Laokoon Company, 
Lwow, Poland. 

’ We are indebted to Dr. David Klein, The Wilson Laboratories, 
Chicago, for the liver extract used in the preparation of the factor W 
concentrate. 
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tilled water. 1 cc. of the liver and 0.5 cc. of the kidney suspen- 
sions were used for the respective enzyme determinations. Not 
more than 20 minutes elapsed between the death of the animal 
and the beginning of equilibration. The rate of oxygen uptake 
of these tissue suspensions in the presence of dJ-alanine was taken 
as a measure of the d-amino acid oxidase content of the tissue. 
Only d-alanine is o.xidatively deaminized under these conditions 

(25) . The oxygen uptake was measured in the Barcroft differ- 
ential respirometer with ])otassium hydroxide in the inner ^YeIl 

(26) , The reaction was carried out with air as the gaseous phase. 
3 cc. of water were placed in the left-hand flask, while the right- 
hand flask contained the following constituents: (1) 1.5 cc. of 
Kreb’s phosphate buffer of pH 7.4 (27), (2) 0,5 cc. of 0.3 m dl- 
alanine, when required, and (3) the requisite amount of tissue. 
The contents were diluted to 3 cc. with distilled water. The 
neutralized substrate was prepared daily. The determinations 
were run at 37°. A blank oxygen uptake (in the absence of 
di-alanine) was always determined for each tissue and the deter- 
minations in the presence of substrate were run in duplicate. 
The duplicates were consistently checked wthin 10 per cent. 
The contents of the flask were equilibrated for 10 minutes, the 
stop-coclis closed, and readings taken every 10 minutes thereafter 
for 1 hour. The rate of oxygen uptake remained constant for 20 
minutes and then gradually decreased. The oxygen uptake in 
c.mm. per hour is expressed as the 20 minute reading (minus the 
20 minute blank reading) X 3. The blank readings did not 
vary significantly with the various groups. 

The effect of pyruvate was studied and it was found that neither 
liver nor kidney suspensions could utilize amounts of pyruvate 
equivalent to that produced during the oxidative deamination of 
d-alanine under our experimental conditions. Pyruvate in the 
same amounts did not inhibit the reaction. 

Determination of Riboflavin Content — The tissues were stored in 
the frozen state. There was no change in the riboflavin content of 
tissues when stored under these conditions for 3 months. The 
tissue was homogenized, diluted 1:500 with distilled water, and 
autoclaved for 15 minutes at 120°. Riboflavin was determined 
in this extract according to the bacteriological method of Snell 
and Strong (28). Feeney and Strong (29) have demonstrated 
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that this method measures not only free ribofla-idn but also the 
combined forms. 

There was no variation in the moisture content of tissues taken 
from rats in the various groups. 

EXPERIMENTAL 

The data obtained are presented in Table II. 

Observations on Basal Ration K-12 — Our first experiments were 
designed to determine what relationship, if any, existed between 
the ribofla\'in intake of a rat and the d-amino acid o.xidase con- 
tent of its tissues. Such a relationship was postulated after it 
became known that the prosthetic group of this enzyme was 
ribofla\'in-adenine dinucleotide. It was also of interest to deter- 
mine what effect other members of the \itamin B complex might 
have upon the sjmthesis of this enzyme. The latter purpose 
assumed more importance after it became e\’ident that supple- 
mentation of the basal ration with ribofla-iTn alone, although re- 
storing the ribofla-vin content of the liver to its normal value, 
only partially restored its d-amino acid o.xidase content. As 
given in Table II, various combinations of different members of 
the vitamin B complex were fed. Analysis of the mean values 
led to the following conclusions. The liver of rats fed basal 
Ration K-12 contained significantly lower amounts of d-amino 
acid oxidase. A smaller but significant lowering was also ob- 
served in the kidney. There was also a decrease in the riboflavin 
content, particularly of the liver. Supplementation of basal 
Ration K-12 vdth either a factor W concentrate or riboflavin 
alone resulted in an increase in the d-amino acid oxidase content 
of both the liver and kidney. Complete restoration of the en- 
zyme content of the liver, when riboflavin was the only supple- 
ment, was not accomplished although the riboflavin content was 
restored to normal. Supplementation with both riboflavin and 
vitamin Be or riboflavin and factor W concentrate increased the 
d-amino acid oxidase content of both liver and kidney to their 
normal values. Restriction of the food intake of a group of 
rats receiving Ration K-12 plus riboflavin plus factor W concen- 
trate to that of a group of rats receiving Ration K-12 alone pre- 
vented growth but allowed complete restoration of the d-amino 
acid oxidase content of both liver and kidney. 



754 


Riboflavin Deficiency 


Table II 


Summary of Data* 


Supplements 

OxyRon 

uptaket 

RiboBovin con- 
tent of tissues 
(fresh weight) 

Weight! 

gain 

No. of 
rata in 
each 
i group 







c.mm. 

yper 

7 per 

gm. per 



per hr» 

per hr. 

gm. 

gm^ 

dav 


Series on Ration K-12 







None 

20 

340 

23 

37 

0.0 

6 

Factor W concentrate 

82 

537 

30 

40 

0.25 

6 

“ " “ + vita- 







min Be 

47 

441 

27 

37 

0.10 

2 

Riboflavin 

82 

480 

40 

46 

2.1 

7 

“ + vitamin Be 

144 

577 

42 

46 

2.5 

3 

“ -f factor W concen- 







trate 

127 

507 

40 

47 

3.0 

10 

Riboflavin + factor W concen- 







trate (restricted) 

156 

542 

42 

45 

0.69 

5 

Riboflavin -f factor W concen- 







trate -{- vitamin Be 

117 

540 

48 

46 

2.9 

4 

Stock ration 

129 

524 

54 

51 


6 

Series on Ration J-30 







Muscle adenylic acid 

50 

414 

' 36 

44 

0.0 

6 

Riboflavin + adenylic acid 

129 

426 

48 

50 

0.10 

11 

II ^ *' -f- 







factor W concentrate 

169 

669 

46 

49 

0.89 

4 

Riboflavin -{- adenylic acid -f- 







factor W concentrate -k vita- 







min Be 

87 

550 

51 

59 

3.2 

4 

Riboflavin 

179 

583 

51 

48 

0.0 

6 

“ -k vitamin Be 

113 

403 

47 

52 

0.45 

6 

Vitamin Be 

45 

451 

34 

40 

0.0 

4 


* The mean values for each group are given. 

t O.xygen uptake values are expressed as the 20 minute reading (minus 
the 20 minute no substrate reading) X 3. 1 cc. of a 1:6 liver suspension 
and 0.5 cc. of a 1 :6 kidney suspension were used. 

Weight gains represent gains during the period of supplementation. 
Sustained growth is obtained only in the presence of factor W, vitamin Be, 
and riboflavin. 

Observations on Basal Ration JSO — This ration was adopted 
because it was thought that further information concerning the 
relationship of other members of the vitamin B complex to the 









Axelrod, Sober, and Elvehjem 


755 


synthesis of rf-amino acid oxidase could be obtained vrith the use 
of a more synthetic basal ration. An analj^sis of these data led 
to the following conclusions. 

In the absence of riboflavin there was a significantly lower 
amount of d-amino acid oxidase in liver. No significant decreases 
were observed in the kidney. It is important to note that the 
riboflavin content of the liver was not decreased to the same ex- 
tent as that of the corresponding group of rats fed basal Ration 
K-12. This may be due to the fact that the animals on Ration 
J-30 were not depleted for as long a period of time. This -dif- 
ference in ribofla\Tn content was paralleled by the obsen^ation 
that the enzyme content of the ribofla\dn-deficient rats from the 
J-30 group was not as low as that on basal Ration K-12. The 
addition of ribofla^nn to this ration (No. J-30) completely restored 
the normal content of d-amino acid o.xidase. Further additions 
of (1) adenylic acid, (2) adenylic acid plus factor W concentrate, 
(3) adenylic acid plus factor W concentrate plus -vutamin Bg, 
and (4) \dtamin Bg alone had no supplementary effects. 

Various differences between the K-12 and J-30 groups were 
observed. The addition of ribofla^Tn to basal Ration K-12 re- 
sulted in a temporary growth response accompanied by only a 
partial increase in the d-amino acid oxidase content of hver. No 
growth response was obtained upon the addition of ribofla^Tn 
to basal Ration J-30 although complete restoration of the enzyme 
content was effected. There appears to be a general correlation 
between the amoimt of grov-th and the degree of d-amino acid 
oxidase synthesis. VTiere rapid growth takes place, as in the 
group fed Ration K-12 plus ribofla'vdn, other factors necessary 
for such a synthesis of the enzyme may become limiting. Such 
deficiencies are corrected by the addition of either vitamin Bg 
or factor W concentrate to Ration K-12. It is interesting to 
note that a very uniform synthesis was obsen-ed- in the animals 
receiving Ration K-12 plus ribofla\Tn plus factor W whose growth 
had been prevented by restricting the food intake. A similar 
explanation would accoimt for the complete synthesis that took 
place in the group fed Ration J-30 plus ribofla\Tn in the absence 
of other factors and in the complete absence of growth. Evidence 
that factors other than those already mentioned may be required 
for maximmn enzyme synthesis on Ration J-30 when growth is 
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optimum may be derived from the failure to effect complete syn- 
thesis in the group fed Ration J-30 plus riboflavin plus factor W 
concentrate plus vitamin Bo plus adenylic acid. Optimum growth 
was obtained in this group. 

DISCUSSION 

It should be borne in mind that the enzyme under considera- 
tion is one which has as its specific substrate a type of amino acid, 
i.e. the d form, which is generally considered foreign to the animal 
body. The significance of such an enzyme is not entirely clear 
at the present time. This must be considered before any attempts 
are made to correlate a d-amino acid oxidase deficiency Avith 
any specific syndrome. The study of the Z-amino acid oxidase 
would perhaps represent a truer physiological approach to this 
problem. In this connection it is of interest that Russell and 
Wilhelmi (30) have observed that kidney slices from adrenalec- 
tomized rats are not able to utilize l(-f')-glutamic acid and dU 
alanine as Avell as normal kidney slices. This type of evidence 
suggests a deficiency of both the d- and 1-amino acid oxidase in 
the kidney of the adrenalectomized rat. Lyman and Barron (31) 
have shown that kidney slices from rats made nephritic by the 
ingestion of diethylene glycol possessed a decreased ability to 
oxidize dl-alanine and 1-aspartic acid. Thus it is apparent that 
other conditions besides a riboflavin deficiency may affect the el- 
and Z-amino acid oxidase content of tissue. 

The lowered riboflavin content of tissues from rats fed a ribo- 
flavin-low ration is in general agreement with previous observa- 
tions (32-36)., The Amlues for the total riboflavin-adenine 
dinucleotide content of normal rat liver and kidney given by 
Ochoa and Rossiter (19) check well Avith our figures for the ribo- 
flavin content of these tissues if it is assumed that all of the 
riboflavin is present as the dinucleotide. The decrease in the 
total riboflavin-adenine dinucleotide content of liver observed 
by these Avorkers is of the same order as our observations on the 
riboflavin decrease in this tissue. 

Our experiments do not enable us to determine AA'^hich compo- 
nent of the d-amino acid oxidase enzyme is affected in a riboflavin 
deficiency. Decreases in the concentrations of either the ribo- 
flavin-adenine dinucleotide or in the protein component, or 
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perhaps in both, ■would result in a lo'wered d-amino acid oxidase 
actmty. Ochoa and Rossiter (19) have demonstrated that there 
is a lowered total riboflavin-adenine dinucleotide content of the 
heart and liver in a ribofla'^dn deficiency. An analysis of the 
specific protein of the d-amino acid oxidase, such as that carried 
out by Klein (37), would determine whether the protein were also 
affected. The possibility of such a change in the protein com- 
ponent is indicated by the work of Klein (37) who found that the 
feeding of thjToid resulted in an increase in the concentration 
of the protein component of the d-amino acid oxidase present in 
liv'er. A correlation between metabolic acti\dty in the animal 
and the concentration of a protein constituent of an enzyme was 
clearly indicated. It is interesting to note that the metabolic 
changes did not afitect the d-amino acid oxidase content of the 
kidney. This is in agreement -with our findings that the changes 
in the liver were considerably more significant than those in the 
kidney. Lyman and Barron (31) are of the opinion that the 
ingestion of diethylene glycol affects the activating protein of a 
series of oxidizing enzymes in rat kidney. 

It is apparent that the ribofla-vdn-adenine dinucleotide coenzyme 
which is combined -with the specific protein to form the d-amino 
acid oxidase represents only a portion of the total riboflavin- 
adenine dinucleotide content of tissue. The number of other 
enzymes which contain the same dinucleotide as their prosthetic 
group have already been discussed. The effect of riboflavin 
deficiency is in all probability not limited to its effect on the d- 
amino acid oxidase alone. Other ribofla'vdn enzyme systems are 
imdoubtedly involved, each deficiency contributing to the smn 
total of physiolo^cal effects observed in a ribofla'dn avitaminosis. 

siniMAnT 

A ribofla\an deficiency in the rat results in a lowering of the 
d-amino acid oxidase content of its liver and kidney. The effect 
is more pronounced in the liver than in the kidney. A marked 
decrease in the riboflavin content of the liver is also observed. 
Restoration of the d-amino acid o.xidase content to its normal 
value is accomplished by supplementation •ndth ribofla\Tn. When 
a gro'wth stimulation results from addition of ribofla'dn alone 
to a partially synthetic ration deficient in more than one member 
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of the vitamin B complex, further supplementation with other 
members of the vitamin B complex facilitates the complete 
synthesis of the enzyme. 
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PROGRESS OF HYPERVITAMINOSES Di AND Dj AND RE- 
COVERY IN RATS, AS AFFECTED BY DIETARY CAL- 
CIUM AND PHOSPHORUS AND VITAMIN A* 

By AGNES FAY MORGAN, NOBUKO SHEMOTORI. 

A^^) JEANNETTE B. HENDRICKS 

{From the Laboratory of Home Economics, University of California, Berkeley) 
(Received for publication, April 1, 1940) 

This study was undertaken in order to determine whether the 
findings of Harris and Innes (1), Shelling (2), Brown and Shohl 
(3), and Bills and Wirick (4) concerning the importance of dietarj’- 
calcium and phosphorus in hypertdtaminosis D could be con- 
firmed when purified diets are emploj'-ed. Most of these investi- 
gators used diets of high cereal content and \itamin D preparations 
of imperfectly known potency. Also we thought that some light 
on the mode of action of vitamin D in therapeutic amoimts might 
be obtained from the study of the effects of moderately excessive 
dosages. 

In the present study four \itamin D sources were used, (1) a 
concentrate made from tima liver oil, containing probablj' chiefly 
the product identified by Brockmann and Busse (5) with irradiated 
7-dehydrocholesterol, and (2) an irradiated animal sterol product 
of invertebrate origin (delsterol),* both designated \itamin Dj, 
(3) an irradiated ergosterol,^ and (4) crj^stalline calciferol,^ both 

* Part of this study was reported before the American Society of Bio- 
logical Chemists at Toronto, April 27, 1939, and at New Orleans, March 
16, 1940. 

Assistance in this study was rendered by the Works Progress Administra- 
tion, Official Project 665-08-3-330, Unit A24. 

* We are indebted for this product to Dr. J. Waddell of E. I. du Pont de 
Nemours and Company, New Brunswick, New Jersey. 

* This preparation had a value of 1,000,000 u.s.p. units of vitamin D per 
gm. and was kindly supplied to us by Dr. C. E. Bills of Mead Johnson and 
Company. 

’ Kindly supplied to us by the Winthrop Chemical Company, Inc. 
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designated vitamin Dz. In addition, parathyroid extract^ was 
administered to animals fed the same diets of varying calcium and 
phosphorus content. 

Many of the studies of hypervitaminosis D have involved the 
use of enormous excesses of the vitamin, sometimes in a single 
dose, as in the work of Ham and Portuondo (6), sometimes over 
prolonged periods, as in the work of Shelling and Asher (7). In 
this series the attempt was made to administer the smallest 
amount of the preparations which could produce detectable toxic 
effects in a relatively brief period. Two experiments were per- 
formed, hereafter designated Experiments 1 and 2. 

In Experiment 1 eight litters of rats comprising 77 animals Avere 
placed when 28 days old, weighing 54 to 66 gm., on the basal diet 
made up as follows: egg albumin 10, wheat gluten 10, agar 2, 
Crisco 15, corn-starch 59, and salts 4 per cent. 

Three salt mixtures were used, so that Diet 5 contained optimal 
amounts of calcium and phosphorus, Diet 4 no calcium, optimal 
phosphorus, and Diet 3, no phosphorus, optimal calcium. The 
composition of these salt mixtures and other details of procedure 
have been published previously (8). Harris yeast vitamin extract 
100 mg. and crystalline thiamine chloride 5 y per rat per day were 
given as sources of the B vitamins. 

The litters were divided as evenly as possible as to sex and 
weight into three groups to be fed these diets and each of these 
groups then subdivided into other groups to receive the vitamin D 
or parathyroid extract supplements. The supplements, per gm. 
of body weight per day, were as follows: Group 1, /3-carotene in 
corn oil, 125 y equivalent to 75 units of vitamin A; Group 2, tuna 
liver oil, 75 units of vitamin A and 63 units of vitamin Da; Group 
3, irradiated ergosterol, 200 units of vitamin Dz, and carotene 
equivalent to 75 units of vitamin A; Group 4, parathyroid extract 
0.4 unit, carotene equivalent to 75 units of vitamin A. In addi- 
tion two groups of controls were fed the Ioav calcium and low phos- 
phorus diets and given (Group 5) carotene in corn oil, 34 y equiv- 
alent to 20 units of vitamin A per rat per day; Group 6, cod liver 
oil, 10 units of vitamin Da and 50 units of vitamin A. 

In Experiment 2, 109 rats from eleven litters were similarly 

“ Kindly supplied by E. R. Squibb and Sons. 
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divided, placed on the basal diet, and one animal from each 
litter sacrificed at once in order to determine tissue composition 
at the outset. The three diets of var5Tnf; calcium and phosphorus 
content were again used but this time an attempt was made to 
equalize the Mg content of all the diets. The \'itamin B com- 
ple.K was supplied from thiamine chloride 5 7, rice bran concen- 
trate 100 mg., ribofla\nn 10 7, and Harris yeast concentrate 100 
mg. per rat per daj\ This change was made because in Experi- 
ment 1 certain changes in the fur and skin indicated possible 
slight deficiencies in some of the \4tamin B factors. The supple- 
ments of ^^tamm A were supplied 63” a refined soup-fin shark liver 
oil® which contained 130,000 u.s.p. units of \’itamin A and 85 
units or less of vitamin D per gm. The activated animal sterol 
(delsterol) was used as source of \'itamin Dj, a product which con- 
tained 300,000 units of •vitamin D per gm. As source of \'itamin 
Dj pure ciystalline calciferol was used. All of these products were 
' assa3’ed in our laborator}' b}' the tj.s.p. XI official methods for 
vitamins A and D. 

The supplements were given to the groups in the foUo'^ving 
amounts: Group 1, standard cod liver oil providing 10 units of 
\’itamin Dj and 80 units of \'itamin A per rat per da3'; Group 2, 
200 units of ■\’itaniin A from shark liver oil and its accompan3'ing 
0.1 imit of -s-itamin D3 per gm. of bod3'’ weight per da3^; Group 3, 
200 units of the vitamin Dj (activated animal pro\'itamin D in 
com oil) per gm. of bod3'' weight per da}^ and 10 units (total per 
rat) of vitamin A from the shark liver oil; Group 4, 200 units of 
the same vitamin Dj and 200 units of \’itamin Afrom refined soup- 
fin shark liver oil per gm. of bod3'’ weight per da}*; Group 5, 
200 units of \’itamin Dj as cr3"stallme calciferol and 200 imits of 
■vitamin A from shark liver oil per gm. of bod3’^ weight per dav'. 

The calcium, magnesium, and phosphorus contents of these 
diets are shown in Table I. 

Procedure in Experiment 1 — After 4 weeks all surviving animals 
were killed, serum calcium and inorganic phosphorus determined, 
one tibia of each saved for examination, and the femurs dried, 
extracted with alcohol and ether, ashed, and P, Ca, and Mg con- 
tents determined. The heart, one lung, and one kidne3' were 

‘ The shark liver oil was given us by Mr. T. Sanford of the F. E. Booth 
Company, Berkeley, California. 
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dried, ashed, and analyzed for Ca and P content. The method of 
Fiske and Subbarow (9) was used for P determinations, that of 
Larson and Greenberg (10) for Ca; the Mg was determined by 
precipitation as magnesium ammonium phosphate, followed by 
determination of the P content of the precipitate by the method 
of Fiske and Subbarow. The other kidney and lung were sec- 
tioned and examined microscopically. The food intake was 
carefully recorded and weight gains or losses considered in relation 
to it. 

The unusually good growth of the group on the low calcium 
diet, fed high carotene and no vitamin D, led us to question 
whether the extra vitamin A was of significance. We then placed 
sixteen more animals on the low calcium and low phosphorus 


Table I 

Mineral Content of Diets 


Diet 

No. 

Eixperi- 

metit 

No. 

Cfl 

Mg 

P 

Co:P 

Designation 



per cent 

per cent 

per cent 



5 

1 

0.51 

0.020 

0.34 

1.5 

Normal 


2 

0.54 


0.46 

1.2 


4 

1 

0.025 

0.127 

0.34 

0.07 

Low Ca-adequate P 


2 

0.037 

0.037 

0.47 

0.08 


3 

1 

0.64 

0.046 


25.6 

Adequate Ca-low P 


2 

0.79 

0,038 


24.7 



diets with low carotene (Group 5) and normal Autamin intake from 
cod liver oil (Group 6). 

Procedure in Experiment 2 — Several of the animals in each group 
were killed after 28 days and in addition to the same examinations 
listed for Experiment 1 vitamin A analyses of the liver were also 
made. Part of those remaining in each group were continued on 
the same regime for another 28 days, then sacrificed. From the 
diet of the rest in each group the excess vitamin D was removed 
from the 28th to the 56th day, so that the rate of recovery from 
the hypervitaminosis might be noted. 

Growth and Rood Utilization — ^As may be seen in Fig. 1, the 
growth of all groups in Experiment 1 on the normal diet except 
that given excess irradiated ergosterol was satisfactory although 
not optimum. The gain per 100 gm. of food eaten was nearly the 
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same, 23 gm. in the high carotene, tuna liver oil, and parath3Toid 
groups. Those ^ven irradiated ergosterol lost vreight, although 
thej" ate about half as much as the others, and two died after 14 
and 21 daj's. 

The rats on the low calcium diet with tuna liver oil and ir- 
radiated ergosterol grew nearlj"- as well as those on the normal 
diet, particular!}’’ the former group, and the parathyroid-treated 


Gms 



Fig. 1. Growth of rats used in Experiment 1. Normal, Diet 5; low P, 
Diet 3; low Ca, Diet 4. The groups received the following: (Group 1, 
hi carotene) carotene only; excess tuna liver oil (Group 2) ; excess irradiated 
ergosterol and carotene (Group 3); carotene only, parathyroid extract 
injected (Group 4, parathormone); small amount of carotene only (Group 
5, low carotene); therapeutic amount of cod liver oil (Group 6). 

animals also grew, but more slowly. Food utilization was about 
alike in these three groups, 21 to 24 gm. gain per 100 gm. of in- 
take. The low carotene and cod liver oil groups on the other 
hand grew only about one-half as much, although food intake was 
nearly the same. None died during the course of the experiment 
and all appeared in good condition. 

The rats on low P diets on all vitamin doses grew almost not at 
all and ate much less than the others. The group given ir- 
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radiated ergosterol was in the worst condition and one died after 
11 days. 

Clearly either low vitamin D or excessive Da or D 3 intake was of 
no advantage to the rats fed the low phosphorus diet but de- 
cidedl}*^ favored total growth in the animals on the low calcium 
diet. 



Fig. 2. Growth of rats used in Experiment 2. Normal, Diet 5; low P, 
Diet 3; low Ca, Diet 4. The groups received the following: cod liver oil 
in therapeutic amount (Group 1, CLO); shark liver oil only (Group 2, 
hiA); excess delsterol and a small amount of shark liver oil (Group 3, 
loA-Di); excess delsterol and excess shark liver oil (Group 4, hiA-Di); 
excess calciferol and excess shark liver oil (Group 5, hiA-Do). 

In Experiment 2 quite similar results were seen (Fig. 2) but 
the greater excess of vitamin Dj (delsterol), compared with the 
tuna liver oil concentrate used in Experiment 1 , produced growth 
and food utilization results on ail the diets like those of the 
excess vitamin D 2 but was usually more unfavorable. A striking 
difference was seen, however, in the recovery rates after the excess 
vitamin was discontinued. The groups which had had excess 
vitamin D 3 recovered in all cases more rapidly and completely 
than did those which had had the excess D 2 . This was especially 
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Normal 


Low P 


Table II 

Serum Composition and Femur Ash of Rats Given Excess Amounts of 
Vitamin D from Various Sources 


I l| 

Group No. and supplementa ^ 

d =a 

z S 


daffg 

1. Carotene 5 30 

2. Tuna liver oil 5 30 

3. Irradiated ergosterol 5 20 

and carotene 

4. Parathyroid extract 5 30 

and carotene 

1. Carotene 5 30 

2. Tuna liver oil 5 28 

3. Irradiated ergosterol 5 25 

and carotene 

4. Parathyroid extract 5 29 

and carotene 

5. Low carotene 4 30 

6. Cod liver oil 4 30 

1. Carotene 5 30 

2. Tuna liver oil 5 30 

3. Irradiated ergosterol 5 29 

and carotene 

4. Parathyroid extract 6 30 

and carotene 

5. Low carotene 4 30 

6. Cod liver oil 4 30 


1. Cod liver oil (control) 3 

7 

2. Shark liver oil (con- 3 

trol) 5 

3. Excess delsterol and 4 

low vitamin A 3 
(from shark liver 2 
oil) 

4. Excess delsterol and 4 

shark liver oil 3 

2 

5. Excess calciferol and 4 

shark liver oil 3 


4. Low Ca 



Ca 

P 

£ o 

c 

Ui 

9.7 

9.0 

55.2 

15.0 

8.8 

52.9 

18.2 

7.6 

44.7 

14.9 

8.3 

53.8 

13.8 

2.8 

41.5 

13.5 

3.1 

41.6 

14.2 

2.9 

41.1 

13.3 

3.7 

45.8 

14.4 


42.6 

13.8 


45.5 

7.9 

8.3 

39.1 

12.3 

9.1 

36.1 

13.4 

9.3 

35.4 

10.0 

8.3 

36.8 

8.1 


37.4 

8.5 


34.6 

12.0 

5.9 

55.8 

9.3 

6.8 

62.7 

10.5 

6.7 

55.3 

10.7 

' 8.4 

56.4 

14.3 

10.6 

43.8 
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Table 11— Concluded 


Experiment 

No. 

Diet 

Group No. and aupplcmcnts 

No. of rata 

Length of feed- 
ing period 

Scrum, mg. per 
100 ml. 

Ca P 

Femur oab, per 
cent of dry 
fat-freo bono 





days 




2 

3. Low P 

2. Shark liver oil (con- 

4 

28 

9.2 

6.2 

41.3 



trol) 

5 

56 

12.4 

6.4 

49.8 



4, Excess delsterol and 

7 

28 

13.0 

6.2 

43.0 



shark liver oil 

2 

56 

14.6 


48.8 




t 2 

56* 

14.1 

6.7 

41.7 



5. Excess calciferol and 

4 

28 

10.5 

4.0 

44.0 



shark liver oil 

3 

56 


8.8 

46.8 




2 

56* 


8.3 1 

45.6 


4. Low Ca 

2. Shark liver oil (con- 

4 

28 

6.3 

6.3 

37.7 



trol) 

4 

56 

9.5 

9.3 

38.7 



4. Excess delsterol and 

3 

28 

10.2 

6.7 

34.2 



shark liver oil 

3 

56 

13.9 

11.6 

36.7 

i 

i 



2 

56* 

10.4 

11.5 

36.0 



5. Excess calciferol and 

3 

28 

7.9 

6.0 

36.7 


1 

1 

shark liver oil 

3 

56 

10.6 

10.7 

39.5 




2 

56* 


6.8 

36.1 


* Excess vitamin D discontinued after the 28th day. 


notable in the case of the group on the low phosphorus diet. The 
animals on the low calcium diet on the other hand were all un- 
favorably affected by the discontinuance of the excess vitamin D 
in both forms. 

Femur Ash — As shown in Table II, for Experiment 1 all groups 
on the normal diet except those given excess vitamin Dz had nor- 
mal bone ash content, 52 to 55 per cent. On excess vitamin Dz 
this was lowered to 44.7. The bone ash of all those on the low 
phosphorus diet was low, 41 to 46 per cent. The rats given cod 
liver oil in small quantity had 45,5 per cent bone ash and those 
given parathyroid extract 45.8 per cent. These two groups were 
also in better condition throughout- than the others. All rats on 
the low calcium diet had poorly calcified femurs, 34 to 39 per 
cent ash, the two carotene groups having the highest. 

In Experiment 2 (Table II and Fig. 3) similar conditions were 
found except that the excess vitamin Ds (as delsterol) as well as 
Dz caused the same decreases in ash content of the femurs of the 
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animals fed the normal diet. The group with low \dtamm A and 
e.\cess Ds had lower femur ash than any of the others. When the 
excess \dtamin D was discontinued, an increase in femur ash oc- 
curred on the normal diet, greater in the ^^tamin D3 than in the 
D* groups. Again the low P diets produced femur ash values of 
41 to 49 per cent, with little discernible effect of the excess 'vdtamin 
D. On the low Ca diets again the femur ash was 34 to 39 per cent 
and the excess vitamin D had little effect. Apparently the lack 
of the necessarj’’ Ca and P in the diets has so overwhelming an 
effect on the bone calcification as to mask the excess \dtamin D 
effect if such exists. 



Fig. 3. Femur ash and its content of Ca, Mg, and P (Experiment 2) 
affected by dietary Ca and P and vitamin D. The groups and diets are 
designated as in Fig. 2. 


In spite of wide variations m the ash content of the femurs of 
different groups, the Ca, Mg, and P composition of the ash re- 
mained remarkably constant (Fig. 3). 

Serum Composition — Total Ca and inorganic P of the sera were 
determined in all groups vith the results shown in Table II. On 
normal and low Ca diets the serum P varied verj’- little, being 7 
to 9 mg. per cent. But on the low P diet in Experiment 1 verj- 
low values were seen, all being close to 3 mg. per cent, with the 
parathyroid group highest. In Experiment 2 all the values for 
serum P were fairly close together and higher, up to 8.8 mg. per 
cent. 

In general, serum Ca was most increased by excess \'itamin D 
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and parathyroid extract in Experiment 1 on the normal diet and 
least on the adequate Ca-low P diet. Sliglit hypercalcemia existed 
in rats fed the low P diet even without exce&sive vitamin D supple- 
ments. The excess vitamin D had little effect on the already 
heightened level. Low levels of serum Ca occurred on the low 
Ca diet in all but in the excess vitamin Dj and Da groups and in 
these only slight hypercalcemia occurred. In Experiment 2 the 
same range was found. 

The relativel}'' mild effect of parathyroid extract and vitamin 
D on serum Ca in the group on the low P diet confirms the findings 
of earlier experiments in this laboratory (8, 11) on rats and dogs 
in which rachitogenic cereal and purified diets were used. Com- 
bination of the two substances, vitamin D and parathyroid extract, 
was found in these former studies to produce immediate and large 
increases in serum Ca. 

Liver Vitamin A — The reserves of vitamin A in the livers of all 
animals used in Experiment 2 were measured by the antimony 
trichloride test in which the Lovibond tintometer and the pro- 
cedure of Davies (12) were employed. Expressed as blue units 
per gm. of fresh liver, the amount of vitamin A found in all 
groups was proportional to the intake. All animals which re- 
ceived the large daily ration of 200 units of vitamin A per gm. of 
body weight had 4000 to 22,000 blue units per gm. of liver, with 
most of the values in the upper range. The concurrent excess of 
vitamin D2 or D3 appeared to exert little influence on the vitamin 
A storage. In the two groups which received lower amounts of 
vitamin A, a total of 70 units from cod liver oil and 10 units from 
shark liver oil per rat per day, both with normal diet, the liver 
vitamin A was strikingly lower, 1400 blue units per gm. of liver 
at 28 days and 480 units at 56 days in the former and 11 to 59 units 
in the latter. 

Tissue Calcium and Phosphorus — None of the soft tissues of 
animals of the low Ca group in E.xperiment 1 showed abnormal 
values of Ca and P (Fig. 4) nor did those from animals on the 
normal diet except in the groups given excess vitamin D2. How- 
ever, some increase in tissue Ca, particularly in the kidneys, was 
seen in all but the high carotene group of the rats fed the low P 
diet. This was especially striking in the low carotene group, a 
finding Avhich confirms the impression that kidney stone forma- 
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tion may result from even border line deficienpy of ^-itamin A. 
The most potent combination for the formation of kidney cal- 
cification would appear to be the low P, excess \itamin D, low 
vitamin A diet. The parathjToid treatment was no more effec- 
tive in producing tissue calcification than the relatively mild 
hypervitaminosis produced by the tuna liver oil. Actual stones 
were found in the kidneys of some of these rats fed low carotene 
and e.xcess vitamin D; but diffuse calcareous deposits were more 
generally seen. 
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Fig. 4. Ca and P of hearts, lungs, and kidnej’s of rats used in Experiment 
I. The groups and diets are designated as in Fig. 1. 


In Experiment 2 these findings were confirmed. The striking 
rise in all soft tissue calcium (Fig. 5) of the rats on the normal 
diet with low vitamin A and excess delsterol overshadowed the 
rises in all other groups. The delsterol excess on all diets pro- 
duced more soft tissue calcification than did the vitamin Dj and 
this difference was intensified when the experimental period was 
prolonged to 56 days. But when the excess ^^tamin D was dis- 
continued after 28 days, resolution of tissue calcification was 
prompt and complete in the normal and low P groups which had 
been given delsterol but slow and incomplete in those which had 
received excess vutamin Dj. In aU cases the rats fed the low Ca 
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diet and excess vitamin Da or delsterol had no abnormal tissue 
calcification except after withdrawal of such excess. 

The low P diet produced higher tissue P (Fig. 6) than did nor- 
mal or low Ca diets except in the lungs of the low vitamin A and 
cod liver oil groups on the low Ca diet in Experiment 1, and in the 
lungs and kidneys of the low vitamin A group on the normal diet 
in Experiment 2. The P content of the soft tissues varied much 
less than did the Ca in both experiments and on all diets. If all 
mineral desposits are reckoned as Ca 3 (P 04 ) 2 , the percentage in- 



CLO HtA l9A-q HiA-n, HiAq HiA HlA-q HiA HlA-Q, HA-D^ 

NORMAL LOWP LOWCA 

Fig. 6. Ca of hearts, lungs, and kidneys of rats used in Experiment 2. 
The groups and diets are designated as in Fig, 2. 

crease in P required as an accompaniment to even a large relative 
increase in Ca is negligible. For instance the increase of Ca in 
kidneys and lungs of the low vitamin A-high vitamin Ds group 
from 0.5 mg. per gm. of dry tissue to 22 and 24 mg. (a 44- or 48- 
fold increase) produced an increase in P to 19 and 35 from the 
normal of 9 mg. per gm. of dry tissue, only a 2- or 4-fold increase. 
The calculated increase in P if the added Ca was laid down as 
Ca3(P04)2 is 11 or 12 mg., making the total 21 or 22 mg., to be 
compared with 19 and 35 mg. found. 

Microscopic Appearance of Tissues — ^Histological study of kid- 
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neys and lungs jielded the interesting obser\'ation that many 
kidney tubules of rats -n-ithout vitamin D on the low Ca diet were 
extensively dilated, vith reduction of the epithelium to a thin 
lining. Other tubules showed obliteration of lumen and were 
undergoing degeneration. No calcareous deposits were seen. 
On the same diet with excess •t’itamin D the tubules were more 
nearly normal. Most of the low Ca group had enlarged fattj' 
livers. 



HA-q H.A H;A-qH.A^?2 

NORMAL LOW P LOW CA 

Fig. 6. P of hearts, lungs, and kidneys of rats used in Experiment 2. 
The groups and diets are designated as in Fig. 2. 

Calcareous deposits in the kidneys were seen in the group 
receiving excess ^’itamin D* on both the normal and low P diets. 
The kidneys of these groups showed cloudy swelling of tubular 
epithelium. Some of the tubules had moderate cj'^stic dilation 
and were lined with flattened and hjiiemucleated epithelium, 
while some were collapsed or necrotic. Particularly in the group 
fed low vitamin A and e.xcess D, there were streaks of connective 
tissue about the necrotic or collapsed tubules and these were 
most concentrated in the area of the cortico-medullarj' junction. 
These persisted even after removal of excess "idtamin D. 

The parathyroid-treated rats had swollen tubules in the low 
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Ca group but calcified spots on the kidney in the other two diet 
groups. 

Kidnexj Enlargement — Hj'^pertrophy of the kidneys occurred in 
all of the animals which were unfavorably affected by the hjTper- 
vitaminosis. The ratio of the weight of the fresh kidneys to the 
bodj’’ weight of normal rats is stated by Donaldson (13) to be 4.2 
to 5.5 mg. per gm. of body weight. The rats on the normal diet 
without excess vitamin D in Experiment 2 had a kidney-body 
weight I’atio of 4.4 to 5.3. With low vitamin A and excess vita- 
min Da the ratio was 10.0 and on discontinuance of the excess Da 
it was lowered after 28 days to 4.6. The groups with excess 
vitamin A as well as excess D had kidney ratios of 6.0 to 7.6. 
On the discontinuance of the excess vitamin Da the ratio fell to 
4.8 but discontinuance of the excess Dj had no effect. On the 
low P diet the kidney ratios with and without excess vitamin D 
ranged from 6.9 to 11.8 and on the low Ca diet from 5.4 to 6.5. 
In most cases the ratio was in the normal range on the low Ca diet 
but was in all cases indicative of hypertrophy on the low P diet. 
In the low Ca group on the other hand the tubules were enor- 
mously dilated, with t 3 fpical hj'^dronephrosis, the kidnej’' proper 
appearing to be a mere shell, except when excess vitamin D was 
given. As shown bj'^ Day and McCollum (14), on low P intake 
large amounts of Ca are excreted by the kidney but on low Ca 
intake P is excreted in large amount in the urine (15). Ap- 
parently the excess Ca excretion promotes renal hj-^pertrophy 
more than does P excretion but the latter is more damaging to the 
kidney tissue. MacKay and Oliver (16) reported kidney hj^per- 
trophy and highly specific tubule damage in rats when the inor- 
ganic phosphate of the diet was considerably raised. There was 
no decrease in the calcium content of their diets, however, as 
there was in the experiments here reported. The same kind and 
location of damage to the tubules were found in our rats fed low 
Ca. Connective or fibrous areas were seen in the kidneys of 
rats which had been allowed to recover from the hypervita- 
minosis D. 

DISCUSSION 

These findings do not support the conclusion that vitamin D 
operates solely by increasing the net absorption of Ca or P or of 
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both from the intestine nor do they indicate that serious derange- 
ment of the Ca : P ratio may be counterbalanced or even much 
affected bj' \itamin D intake. On both low P and low Ca diets 
there was no obvious improvement in bone calcification bj' either 
e.xcesave or moderate doses of vitamins Dj or Dj. The improve- 
ment in growth of soft tissue seen in the high vitamin D groups 
on the low Ca diet compared with the group on the same diet 
without Autamin D must be tbe result of better P utilization, 
although dietarj^ P and serum P were both adequate in the control 
animals which showed no such improvement. Ob^doush’’ no 
improvement in bone structure or Ca use occurred, although 
serum Ca was raised to normal in the better growing animals on 
e.xcess vitamin D. 

There was no improvement in growth, bone ash, or serum P 
in the rats fed the low P diet with the e.\ces3 \'itamin D and onl 3 ’^ 
slight improvement in those given either parathjToid extract or 
small amounts of cod liver oil. This is in striking contrast with 
the effects manj’’ times seen in animals on cereal diets of low P. 
The explanation offered bj’- Schneider and Steenbock (17) for 
this difference which thej" obsen^ed also with similar diets but 
without use of excess xdtamin D is that the total quantity of P 
retained on the cereal diet (Ration 2965) is large enough to pro- 
vide for both bone and soft tissue P but on their ex-tremety low 
P purified diet the absolute quantity of P retained was too small 
to allow soft tissue growth and instead was used only for bone 
formation. Daj'- and McCollum (14), on the other hand, with 
similar but more severelj’’ P-low diets found onty negative P 
balances, even though adequate amounts of ■v’itamin D were given 
and there was some growth for 5 or 6 weeks. Thej' conclude 
that the P for soft tissue growth was supplied b 3 '- the bone. 

As may be seen in Figs. 4 and 6, there was no consistent change 
in the P content of an 3 '^ of the tissues of our rats and there was 
no marked improvement in either bone formation or soft tissue 
growth due to either normal or moderately excessive vitamin 
D intake on the low P and normal diets. On the other hand with 
the low Ca diet the excess mtamin D promoted soft tissue growth 
but was without benefit to bone formation. 

There would appear then to be onty one diet, the rachitogenic 
cereal diet, -nuth which it has been shown that vitamin D effects 
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significant increase in bone calcification in rats. Schneider and 
Steenbock (17) obtained 46 per cent increase in P content of bone, 
from 44.1 to 64.5 mg. per gm. of dry weight, when 50 units of 
vitamin Da per day were fed for 2 weeks to rats on the cereal 
diet but onl}’- 20 per cent, i.c. from 36.9 to 44.5 mg. per gm. of dry 
weight, under the same conditions in rats fed their purified low P 
ration. The failure of growth which they observed in the latter 
group was also manifest in all our rats given excess vitamin D 
except those on the low Ca diet. But withdrawal of P from soft 
tissues for bone growth could not, as they suggest, explain this 
stoppage of growth in our groups which received the normal diet. 
Withdrawal of Ca from bone, however, might be assumed to 
occur in the low Ca-fed rats which grew under the influence of 
vitamin D if Ca were required in any significant amounts for 
soft tissue grow'th. Certainly the bone ash of these rats was 
decreased, wdiile the soft tissue weight was increased. The 
condition of the kidneys also indicated that conservation of 
dietarj'- P for soft tissue growth wms promoted by vitamin D on 
the low Ca diet. 

If vitamin D increases Ca absorption, it should improve bone 
formation on low Ca diets and should have little effect on soft 
tissue growth, the latter requiring chiefly P mobilization. But the 
conditions observed were the opposite, failure of bone calcifica- 
tion and improved soft tissue grow'th. 

If vitamin D mobilizes P from soft tissues, it should improve 
bone formation and retard soft tissue growth on the low P diet. 
But only depression of growth wms noted. 

If parathyroid extract has no effect on Ca absorption but merely 
increases P excretion as is often stated (Albright, Sulkowitch, 
and Bloomberg (18)), the improved bone ash of the parathyroid 
group on the low P diet and the general resemblance of the findings 
on these animals to those of the cod liver oil and tuna liver oil 
groups are hard to understand. Paratly'Toid extract should 
exaggerate the bad effects of a low P diet and mitigate those of a 
high P (relative to Ca) diet. But the opposite conditions ap- 
peared in this study. 

On each of the three diets the groups treated with parathyroid 
extract and those given a moderate excess of vitamin Da in tuna 
liver oil and a minimum amount in cod liver oil presented nearly 
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the same results. This was true of the rats given the low Ca 
diet, even though the serum Ca produced in these three groups 
varied, 10.0, 12.3, and 8.5 respectivelj*. 

Recovery from Hypervitaminosis — On the two diets, normal and 
low P, with which excesses of xiitamin D produced obvious sj-mp- 
toms of h 3 'pervitaminosis in Experiment 2, \'itamin D as delsterol 
caused greater damage than did corresponding excess of vitamin D. 
(as irradiated ergosterol or calciferol). ^lore animals died, le.ss 
growth was obtained, and there were more soft tissue calcification 
and less femur ash. During the recovery- period, however, 
quite opposite results were seen. The rats relieved of excess 
delsterol began to grow rapidlj’’ and after 28 daj'S presented better 
conditions in both soft tissues and bones than the corresponding 
groups relieved of excess \’itamin D;. This was particularh- 
obvious in the rats on the diet of low P content. There was no 
group fed low vitamin A and excess D;, but the extremelj' de- 
pressed condition of the group given little \'itamin A and excess 
delsterol was noticeab^' contrasted ■ndth the rapid recoven* of all 
these animals when relieved of the latter excess. The groups 
which received the excess delsterol and excess vitamin A were 
much less adverseh- affected and also made rapid recoverj’ when 
the excess D was removed from the diet. Those which received 
■vitamin D; (calciferol) had somewhat less rapid and profound 
failure of appetite and growth and less tissue damage than did 
those receiving delsterol but those which were relieved of the 
excess recov'ered more slowlj'. In Fig. 5 the amount of soft tissue 
calcification is seen to illustrate this i-^fference. The corresponding 
lowering of the femur ash, in inverse order, is shown in Fig. 3. 
Tissue P varied less consistentlj' with the progress of the hv’per- 
vitaminosis. The soft tissue P tended to be constant, slighth' 
higher on the low P diet than on th. ^ther diets, and not increased 
significantlv' bj' excess vitamin D except in the group ■with low 
vitamin A intake. 

The entire picture of progress of, and recovers’ from, the hv-per- 
vitaminosis is consistent with the view that the irradiated animal 
sterol (delsterol, vitamin Ds ?) is more rapidl}' and completelv- 
absorbed than is irradiated ergosterol (calciferol, vitamin D 2 ) 
and is fike^wise more rapidls’ and completelj' excreted. Studies of 
fecal and blood vitamin D during and after administration of 
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moderately excessive doses of these two substances are now under 
way in an effort to confirm this hypothesis. 

Earlier experiments (19) in this laboratory conducted in a 
similar way but with only the normal diet, irradiated ergosterol, 
and fish liver oil concentrates yielded re.sults which justified the 
conclusion that the hypervitaminosis produced by the former 
was the more severe, although the difference was not striking 
when the accompanying vitamin A intake was equalized. The 
greater severity of the symptoms produced by delsterol in the 
experiments here reported when compared either with the effects 
of excess tuna liver oil in this and in the previous studies or of 
calciferol and irradiated ergosterol in the present study is difficult 
to explain unless delsterol is not identical with the provitamin D 
(D3) of tuna and cod liver oils. 

SUMMAKY 

1. The levels of both calcium and phosphorus and their ratio 
in the diet were the primary factors in production of normal femur 
calcification of young rats whether normal or excess amounts of 
vitamins D2 and D3 were given or chronic moderate hyperparathy- 
roidism was produced by injection of parathyroid extract. 

2. The damaging effects of the low phosphorus, purified diet 
were not mitigated by administration of either excess or minimum 
doses of vitamin D or parathyroid extract. This is in contrast to 
the results seen with high calcium-low phosphorus cereal diets. 

3. The low calcium diet did not produce normal bone under any 
of these conditions but with excess vitamin D produced more 
nearly normal soft tissue growth. In addition, normal kidney 
structure occurred in the latter groups but damaged tubules in 
the controls without vitamin D. 

4. Chronic mild parathyroid treatment (0.4 unit per gm. of 
body weight daily) without vitamin D had but little harmful 
effect with any of these diets and seemed to be advantageous with 
the low phosphorus diet, exerting a similar effect to that of normal 
amounts of cod liver oil. 

5. Excessive amounts (200 u.s.p. units per gm. of body weight 
daily) of irradiated ergosterol or calciferol were most harmful 
with a diet of normal calcium and phosphorus content and ratio, 
and had toxic effects also with the adequate calcium-low phos- 
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phorus diet but only favorable results with the low calcium-ade- 
quate phosphorus diet. The same amotmts of irradiated qnimal 
sterol (delsterol, presumably vitamin Dj) produced similar but 
even more striking damage. 

6. Recoverj’’ from the toxic effects of excess of vitamin D as 
delsterol was more rapid and complete than from those produced 
by excess vitamin Dj. This is interpreted to mean that in the rat 
both absorption and excretion of the vitamin D3 are more efiBcient 
than is the case with vitamin Dj. 

7. Low vitamin A intake allowed greatly increased tissue cal- 
cification and other damaging effects of hypervitaminosis D. 

BIBLIOGRAPHY 

1. Harris, L. J., and Innes, J. R. M., Biochem. J., 25, 367 (1931). 

2. Shelling, D. H., Proc. Soc. Exp. Biol, and' Med., 28, 298 (1930-31). 

3. Brown, H. B., and Shohl, A. T., J. Biol. Chem., 86, 245 (1930). 

4. Bills, C. E., and Wirick, A. M., J. Biol. Chem., 86, 117 (1930). 

5. Brockmann, H., and Busse, A., Z. physiol. Chem., 256, 252 (1938). 

6. Ham, A. W., and Portuondo, B. C., Arch. Path., 16, 1 (1933). 

7. Shelling, D. H., and Asher, D. E., Bull. Johns Hopkins Eosp., 60, 318 

(1932). 

8. Morgan, A. F., and Garrison, E. A., /. Biol. Chem., 85, 687 (1929-30). 

Morgan, A. F., Kimmel, L., Thomas, R., and Samisch, Z., J. Biol. 
Chem., 106, 531 (1934). 

9. Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 66, 375 (1925). 

10. Larson, C. E., and Greenberg, D. M., J. Biol. Chem., 123, 199 (1938). 

11. Morgan, A. F., and Field, J. G., Am. J. Physiol., 106, 585 (1933). 

12. Davies, A. lY., Biochem. J., 27, 1770 (1933). 

13. Donaldson, H. H., The rat. Memoirs of The Wistar Institute of Anat- 

omy and Biology, Philadelphia, 2nd edition, table 145 (1924). 

14. Day, H. G., and McCollum, E. V., J. Biol. Chem., 130, 269 (1939). 

15. Morgan, A. F., Garrison, E. A., and Hills, M. J., Am. J. Physiol., 106, 

608 (1933). 

16. MacKay, E. M., and Oliver, J., J. Exp. Med., 61, 319 (1935). 

17. Schneider, H., and Steenbock, H., J. Biol. Chem., 128, 159 (1939). 

18. Albright, F., Sulkbwitch, H. W., and Bloomberg, E., J. Clin. Inv., 

18, 165 (1939). 

19. Morgan, A. F., Kimmel, L., and Hawkins, N. C., J. Biol. Chem., 120, 

85 (1937). 




LETTERS TO THE EDITORS 


DIMETHYL SDLFONE; A CONSTITUENT OF THE 
ADRENAL GLAND 


Sirs: 

Ruzicka, Goldberg, and Meister* have just described the iso- 
lation of dimethyl sulfone from the dried blood of cattle. We have 
encountered this compound several times in the preparation of 
adrenal steroids from fresh beef glands.- In the purification of 
the cortical hormones by the cther-acid-ether procedure^ the 
sulfone is concentrated in the aqueous acid. On washing with 
chloroform, a highly reducing fraction is obtained which jdelds 
the crystalline sulfone from a concentrated alcoholic solution. 
186 mg. of the crude crystalline sulfone were obtained from 1000 
kilos of glands. This represents about one-half the jneld obtained 
by Ruzicka et al. from blood. The actual concentration of the 
compoimd in blood and tissues is no doubt much greater. 

Our preparation was purified by repeated sublimation in a 
vacuum and crystallization from ethyl alcohol. It then melted 
at 108°. In admixture with a sjmthetic sample of dimethyl sul- 
fone (m.p. 109°) it melted at 109°. Analysis, calculated for 
CjHsOjS, C 25.51, H 6.43, S 34.07; found, C 25.71, 25.70, H 6.03, 
6.23, S 33.68, 33.89. 

The occurrence of dimethyl sulfone in the adrenal gland is of 
particular interest, since Reichstein^ has reported the isolation of 
bis-^hydroxy ethyl sulfoxide from extracts of this organ. We 
have also isolated taurine and ethyl hydrogen sulfate as its potas- 


‘ lluzicka, L., Goldberg, M. W., and Meister, H., Helv. chim. acta, 23, 
559 (1940). 

® Paper read before the Michigan Academy of Science, Arts and Letters, 
I'larch 17, 1939. 

* Pfiffner, J. J., and Vars, H. M., /. Biol. Chem., 106, 645 (1934). Pfiff- 
ner, J. J., tVintersteiner, O., and Vars, H. M., J. Biol. Chem., Ill, 5S5 
(1935). 

* Reichstein, T., Helv. chim. acta, 19, 41 (1936). Reichstein, T., and 
Goldschmidt, A., Helv. chim. acta, 19, 401 (1936). 
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sium salt. Still another sulfur compound has been obtained in 
crystalline but as yet impure form. It is seemingly new to the 
animal body. We hope to report on its identity in the near fu- 
ture. 

Research Laboratories J. J. Pfiffner 

Parke, Davis and Company H. B. North 

Detroit 

Received for publication, May 22, 1940 



THE ABSORPTION OF WATER-SOLUBLE VITAMIN K 
WITHOUT THE AID OF BILE SALTS* 


Sfrs: 

It has been shown experimentally that the fat-soluble forms of 
vitamin K are not readily absorbed from the intestine unless bile 
salt is present.^ However, there is no evidence as to whether bUe 
salts are of importance in the utilization of the water-soluble 
forms of this ^’itamin. We wish, therefore, to present certain 
data bearing on this point. 

The compound used by us was the water-soluble hydrochloride 
of 4r-amino-2-methyl-l-naphthol. It has been shown® that the 
acti\dty of this compoimd is but little greater than that of the 
fat-soluble forms of the •vitamin. A daily dose of 1 mg. was 
therefore deemed suitable, and this amount was given daily to a 
number of patients suffering from chronic obstructive jaundice. 
In one case the plasma prothrombin was 14 per cent of normal 
prior to administration of the compoimd. On the following day, 
it rose to 63 per cent of normal, on the 3rd day to 82 per cent, and 
4 days later to 94 per cent of normal. In the second case, the 
prothrombin rose from 54 per cent to a level of 80 per cent in 2 
days, and 5 days later a level of 107 per cent was recorded. In 
the third case, the initial prothrombin level was 37 per cent of 
normal. After 1 day of treatment, it rose to the 88 per cent level; 
on the 2nd day, the reading was 81 per cent, and on the 4th day 
103 per cent. 

The rapid response in the plasma prothrombin level in these 

* Aided by a grant from the John and Mary R. Markle Foundation, and 
by funds supplied by the Graduate College, State University of Iowa. 
The 4-amino-2-methyl-l-naphthol used in these studies was supplied 
through the courtesy of Parke, Davis and Company. 

^ Greaves, J. D., and Schmidt, C. L. A., Proc. Soc. Exp. Biol, and Med., 
37, 43 (1937). Smith, H. P., Warner, E. D., Brinkhous, K. M., and Seegers, 
W. H., J. Exp. Med., 67, 911 (1938). 

’Emmett, A. D., Kamm, O., and Sharp, E. A., J. Biol. Chem., 133, 
285 (1940). 
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cases shows that the compound is readily absorbed and that bile 
salt medication, which tends to create nausea in the patient, is 
not necessary. These findings supplement the existing theory 
regarding vitamin K absorption. It is evident that the average 
diet does not contain any great amount of such water-soluble 
compounds; otherwise, patients with obstructive jaundice would 
not develop signs of vitamin K deficiency. 

Department of Pathology H. P. Smith 

State University of Iowa Chahles A. Owen 

Iowa City 


Received for publication, May 31, 1940 



THE BIOLOGICAL ORIGIN OF THE AMIDINE GROUP 
IN CREATINE 


Sirs: 


Glycine has been shown, mth the aid of isotopes, to be the 
source of the glycine moiety of the creatine molecule, while the 
nitrogen of the amidine group of the latter compound is derived 
from the a-nitrogen of other amino acids.* It has now been found 
that the amidine group of arginine serv'es as an intermediate in 
the biological sjmthesis of creatine. 

i(+)-Arginine with in the amidine group was prepared by 
degradation of a-toluenesulfoarginine with baryta to a-toluene- 
sulfoomithine, treatment of the latter with isotopic methyl isourea 
(prepared from isotopic cyanamide), and hydrolysis of the result- 
ing toluenesulfoarginine. The arginine had a rotation in 4 n 
HC l of [«]“ = -f-25.0®, and an isotope content of 8.33 atom per 
cent N*® excess. 

The addition of a small amount of this material to the stock 
diet of normal full grown rats resulted in the appearance of muscle 
creatine with an isotope content far higher than that found after 
administration of isotopic ammonia, urea, or of an 3 ’^ other investi- 
gated amino acids,' except glycine. It was so high that the amidine 
group of creatine must have originated from that of arginine, 
which has recentlj’’ been shown- to be continuoush' formed in 
normal animals from the a-nitrogen of various amino acids. Both 
automatic processes, the formation of the amidine group and the 
amidine transfer from arginine to glycine for creatine sjTithesis, 
are thus interlinked. 

Bergmann and Zervas* 12 years ago suggested the occurrence 
of this biological transfer of the amidine group on the basis of 
chemical experimentation. Triacetylanhydroarginine easdj^ 

' Bloch, K., and Schoenheimer, R., J. Biol. Chem., 133, 633 (1940). 

* Schoenheimer, R., and Rittenberg, D., Physiol. Rev., 20, 218 (1940). 

’ Bergmann, M., and Zervns, L., Z. physiol. Chem., 172, 277 (1927). 
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yields this group to glycine to form guanidoacetic acid, which 
has been shown to be one of the intermediates in the biological 
creatine formation. 

Recently Borsook and Dubnoff^ have put fonvard evidence that 
the methyl group of creatine is derived from that of methionine.® 
This finding in conjunction with those obtained with isotopes 
establishes the biological origin of all parts of the creatine mole- 
cule. The carbon chain and 1 nitrogen atom are derived from 
glycine, the amidine group is derived from arginine, and the 
methyl group from methionine. 

Department of Biochemistry Konrad Bloch 

College of Physicians and Surgeons Rudolf Schobnheimer 

Columbia University 
New York 

Received for publication, June 11, 1940 

* Borsook, H., and Dubnoff, J. W., J. Biol. Chem., 132, 559 (1940). 

^ The relation of methionine to biological methylation was brought out 
by the work of du Vigneaud et al. (du Vigneaud, V., Chandler, J. P., 
Moyer, A. W,, and Keppel, D. M., J. Biol. Chem., 131, 57 (1939)), who 
have now extended the work to creatine. By marking the methyl group 
of this amino acid with deuterium they obtained unequivocal proof of the 
shift of this group to creatine. 




THE TRANSFER OF THE METHYL GROUP FROM 
METHIONINE TO CHOLINE AND CREATINE 

Sirs: 

We have recently shovn that homocj'stine (homocj'steine) can 
replace methionine in the diet of the white rat only in the presence 
of choline or certain related substances, ‘ • - and have suggested 
that choline enables the animal to sjmthesize methionine under 
these conditions. It was postulated that the fimdamental process 
involved is a transfer of a methyl group from the nitrogen of 
choline to the sulfur of homocysteine. Furthermore it was sug- 
gested that the reaction might be reversible and thus methionine 
might act as a donor of methyl groups in the synthesis of choline 
in the body. 

It was realized that direct proof of the transfer of the methyl 
group (transmethylation) was highl 3 ’' desirable. We decided to 
attempt first to trace the migration of the methyl group from 
methionine to choline. A methionine was therefore synthesized 
containing deuterium in the methyl group. The trideuteromethyl 
iodide used in the synthesis’ was prepared from deuteromethyl 
alcohol, which had been made by reduction of CO with Dj by 
the method of Zanetti.^ The^ trideuteromethionine (23.9 atom 
per cent D) was fed at an average daily rate of 70 mg. (2.4 mg. of 
deuterium) for 3 weeks to rats kept on a methionine-choline-free 
diet. The choline chloroplatinates isolated from the tissues con- 
tained 32.2 and 31.7 atom per cent deuterium respectively', repre- 

* du Vigneaud, V., Chandler, J. P., Moyer, A. W., and Keppel, D. M., 
Proc. Am. Soc. Biol. Chem., J. Biol. Chem., 128, p. cviii (1939). 

’ du Vigneaud, V., Chandler, J. P., Moyer, A. W., and Keppel, D. M., 
J. Biol. Chem., 131, 57 (1939). 

’ du Vigneaud, V., Dyer, H. M., and Harmon, J., J. Biol. Chem., 101, 
719 (1933). 

* The authors wish to thank Professor Zanetti of Columbia University 
for allowing them the use of his laboratory and equipment to prepare the 
deuteromethyl alcohol. ' 
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senting 57.2 and 56.3 per cent of the theoretically possible amount 
if all the methyl groups of the choline had come from the deutero- 
methionine. 

In the original presentation of our data concerning the relation- 
ship of methionine to choline and to methylation/ it was suggested 
that “The methionine-homocystine-cholinc relationship may be 
significant, not only to sulfur and fat metabolism, but also to other 
problems of methylation in the animal organism.” As a direct 
extension of this concept, we sought for the presence of the deutero- 
methyl group in the creatine molecule. The creatine was isolated 
as creatinine from the muscle tissue of a rat that had been fed 
the deuteromethioninc for 3 days. The deuterium content of the 
zinc chloride complex was found to be 3.4 atom per cent D, which 
is equivalent to 9.1 per cent of the theoretical amount. A longer 
term experiment (8 weeks) gave 25.9 atom per cent D, equivalent 
to 69 per cent of the theoretical amount. 

From Borsook’s work it might appear that choline unlike 
methionine cannot yield a methyl group directl}’’ to guanidoacetic 
acid to form creatine.® However, if homocysteine could act as an 
intermediary agent, transmetlydation from choline to guanido- 
acetic acid might take plape.® 

The experiments reported herein provide, in our opinion, un- 
equivocal evidence that methionine may furnish the methyl 
groups of choline and creatine. The question of the relationship 
of methionine to other methylations in the body still remains. 
We would suggest that the presence of methyl groups in a utilizable 
form, such as in methionine and choline, may be essential in the 
diet. 

Department of Biochemistry Vincent du Vigneaitd 

Cornell University Medical College Joseph P. Chandler 

New York City Mildred Cohn 

George Bosworth Brown 

Received for publication, June 14, 1940 

* Borsook, H., and Dubnoff, J. W., J. Biol. Chem., 132, 559 (1940). 

® Of interest in this connection are experiments, as yet unpublished, in 
which we have found that the administration of choline or methionine 
brings about resumption of growth after an inhibition of growth caused by 
feeding guanidoacetic acid to rats on a diet suboptimal in methionine and 
free of choline. , 


PREVENTION OF PEROSIS BY CHOLINE 


Sirs: 

A diet was described* which produced a high incidence of 
perosis in yoiuig turkeys. The addition of manganese up to a 
level of 0.4 per cent MnSOi in the diet was found to have no pre- 
ventive effect, but yeast gave partial protection. Recently Hogan, 
Richardson, and Patrick," working with chicks, have also described 
a situation in which perosis occurring in the presence of manga- 
nese was prevented by an organic factor. 

In the present investigation a modification of the pre\'ious diet* 
was used, consisting of yellow corn-meal 65 parts, dried skim milk 
15, washed casein 13, alfalfa meal 1, CaCOs 3, KBjPOi 1, NaCl 
(iodized) 0.5, MnSO< 0.1, fish oil blend (3000-A, 400-D) 1 (Diet 
161). Baby turkeys were placed on the diet at hatching and 
were observ'ed at frequent intervals for perosis consisting of a 
distortion of one or both hock joints in lateral, medial, or anterior 
directions. Shortening and thickening of the bones of the leg, 
especially the tarsometatarsus, were accompanjnng symptoms. 
Perosis was first noted after 8 to 12 days in birds on the basal diet, 
and the number of cases increased to reach a maximiun at 20 to 
30 days, by which time in some experiments all the birds were 
affected. On partially protective diets, symptoms appeared at 
about the same time as in the case of the basal diet, and reached a 
maximum at about 20 days, after which the milder cases frequently 
retrograded and the hock joints became straight during the next 
10 days. A test period of 28 to 35 days was used with ten to 
eleven birds in each group. 

It was found that the addition of a mixtiu'e of synthetic thi- 

' Jukes, T. H., Poultry Sc., 18, 405 (1939). 

’ Hogan, A. G., Richardson, L. R., and Patrick, H., Proe. Am. Inst. 
Nulrilion, J. Nutrition, 19, 14 proc. (1940). 
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amine® 1,2 mg., riboflavin® 1.8 mg., nicotinic acid® 3 mg., pyridoxine 
(vitamin Bo)® 0.9 mg., pantothenic acid 10 rag., and choline 
chloride 0,15 gm, to 100 gm. of basal diet gave complete protec- 
tion. Four of the components of this mixture were then fed sepa- 
rately with the results shown in the accompanying table. 

In another exjreriment a simplified diet was fed consisting of 
glucose (cerelosc) 50 parts, washed casein 30, dried yeast^ 10, salt 
mixture® 5, soy bean oil 4, fish oil blend 1. Perosis appeared in 9 
days, and at 19 days the incidence of perosis was 67 per cent, and 
the average weight was 131 gm. A second group of turkeys re- 


Supplement to 100 gm. Diet 101 | 

Per cci 

12 dnya 




None 

71 

71 

85 

85 

Synthetic vitamin mixture (see text).. 

0 

0 

0 j 

0 

1 rag. thiamine 

40 

■■ 


80 

10 “ nicotinic acid 

29 


71 

57 

10 “ pantothenic acid 

25 

mM 

50 

38 

0.3 gm, choline chloride 

0 

\ 0 

0 

0 


ceived the same diet plus 0.3 per cent of choline, and at 19 days 
there was no perosis, and the average weight was 200 gm. 

The results indicate that choline was effective in preventing 
perosis in turkeys under the conditions encountered. Cholme 
promoted growth on a simplified diet. 

Division of Poultry Husbandry Thomas H. Jukes 

College of Agriculture 
University of California 
Davis 

Received for publication, June 17, 1940 


® Supplied by Merck and Company, Inc,, through the courtesy of Dr. 
J. C. Keresztesy. 

^Anheuser-Busch Strain. G, kindly furnished by Mr. G. F. Siemers. 
'Jukes, T. H., Proc. Soc. Exp. Biol, and Med., 42, 180 (1939). 












INDEX TO AUTHORS 


A 

Albanese, Anthony A. An electro- 
lytic method for the determina- 
tion of the basic amino acids in 
proteins, 467 

Allison, Franklin E. See Hoover 
and Allison, 181 

Almqulst, H. J., Mecchl, E., Stok- 
stad, E. L. E., and Manning, 
P. D. V. Identification of the 
rice factor. The carbohydrate 
component, 465 

— , Stokstad, E. L. R., Mecchl, E., 
and Manning, P, D. V. Identifi- 
cation of the rice factor, 213 
Althausen, T. L. See Filer, Siock- 
holm, and AHhausen, 283 

Anderson, H. D., and Elrehjem, 
C. A. Variations in the blood 
calcium and phosphorus with the 
age of the dog, 217 

Amow, L. Earle, and Opsahl, 
Jeanette C. Racemization of glu- 
tamic acid with heat, 649 

Austonl, Mario E., and Greenberg, 
David M. Studies in iron metab- 
olism with the aid of its artificial 
radioactive isotope. The absorp- 
tion, excretion, and distribution 
of iron in the rat on normal and 
iron-deficient diets, 27 

— , Rabinovitch, Alexander, and 
Greenberg, David M. The iron 
content of the tissues of normal, 
anemic, and iron-enriched rats 
freed from blood by viviperf usion, 

17 

Axelrod, A. E., Sober, H. K., and 
Elvehjem, C. A. The d-amino 


acid oxidase content of rat tissues 
in riboflavin deficiency, 749 

B 

Ball, Eric G. A test of 2-keto-f- 
gulonic acid for antiscorbutic 
properties, 177 

— and Meyerhof, Bettina. On the 
occurrence of iron-porphyrin com- 
pounds and succinic dehydro- 
genase in marine organisms pos- 
sessing the copper blood pigment 
hemocyanin, 483 

Barker, H. A. See Hassid and 
Barker, 163 

Barnes, S. T. See Mueller, Kern- 
merer, Cox, and Barnes, 573 
Bergmann, Max. See Hofmann and 
Bergmann, 225 

— . See Stein and Bergmann, 627 
Bemhelm, Frederick, and Bemhelm, 
Mary L. C. Action of 4-amino-2- 
methylnaphthol on the oxidation 
of certain sulfhydryl groups, 457 
Bemhelm, Mary L. C. See Bem- 
heim and Bemheim, 457 

Blschoff, Fritz. The action of cys- 
teine or cyanide upon gonado- 
tropic extracts, 641 

Blatherwick, R. R-> Bradshaw, 
Phoebe J., Ewing, Mary E., Lar- 
son, Hardy W., and Sawyer, Susan 
D. The metabolism of d-sorbitol, 

549 

Bloch, Konrad, and Schoenhelmer, 
Rudolf. The biological origin of 
the amidine group in creatine, 

785 


791 



792 


Index 


Block, Richard J., Jervis, George A., 
Bolling, Diana, and Webb, Mer- 
rill. Chemical and metabolic 
studies on phenylalanine. III. 
The amino acid content of tissue 
proteins of normal and phenyl- 
pyruvic oligophrenic individuals. 
A note on the estimation of 
phenylalanine, 507 

— . Sec J ervis, Block, Bolling, and 
Kanze, 105 

Bolling, Diana. Sec Block, Jervis, 
Bolling, and Webb, 567 

— . See Jervis, Block, Bolling, and 
Kanze, 105 

Borsook, Henry, and Dubnoff, Jacob 
W. Creatine formation in liver 
and in kidney, 635 

Bradshaw, Phoebe J. See Blather- 
wick, Bradshaw, Ewing, Larson, 
and Sawyer, 549 

Briggs, David R. The metaphos- 
phoric acid-protein reaction, 261 
Brown, George Bosworth. Sec du 
Vigneaud, Chandler, Cohn, and 
Brown, 787 

Brown, J. B. See Shinowara and 
Brown, 331 

Butler, Allan M. See Talbot, Wolfe, 
MacLachlan, Karush, and Butler, 

319 

C 

Cawley, John D. See Gray and 
Cawley, 397 

Chalkoff, I. L. See Entenman, 
Changus, Gibbs, and Chaikoff, 59 
— , See Entenman, Lorenz, and 
Chaikoff, 495 

Chandler, Joseph P. See du Vi- 
gneaud, Chandler, Cohn, and 
Brown, 787 

Changus, G. W. See Entenman, 
Changus, Gibbs, and Chaikoff, 59 
Chargaff, Erwin, and Keston, Albert 
S. The metabolism of amino- 
ethylphosphoric acid, followed 


by means of the radioactive 
phosphorus isotope, 515 

Chargaff, Erwin, Olson, Kenneth B., 
and Partington, Philip F. The 
formation of phosphatides in the 
organism under normal and path- 
ological conditions, 505 

Christman, Clarence C. See Ovaki- 
mian, Christman, Kuna, and 
Levcnc, 151 

Cohn, Mildred. See du Vigneaud, 
Chandler, Cohn, and Brown, 787 
Cox, Warren M., Jr. See Mueller, 
Kcmmcrcr, Cox, and Barnes, 573 
Craig, Lyman C., and Jacobs, Walter 
A. The vcratrinc alkaloids. VII. 
On dccevinic acid, 123 

D 

Darrow, Daniel C. Sec Yannet 
and Darrow, 721 

Doisy, Edward A. See Huffman, 
MacCorquodalc, Thayer, Doisy, 
Smith, and Smith, 591 

Dubnoff, Jacob W. See Borsook 
and Dubnoff, 635 

E 

Eichelberger, Lillian, Fetcher, E. S., 
Jr., Gelling, E. M. K., and Vos, 
Jm Jr. The composition of 
dolphin milk, 171 

Eller, John J., Stockholm, M., and 
Althausen, T. L. The effect of 
the rate of absorption of glucose^ 
on the phosphates in the intestinal 
mucosa, 283 

Elam, Daniel W. See Korn's and 
Elam, 443 

Elvehjem, C. A. See Anderson and 


Elvehjem, 


217 

— , See Axelrod, 

Sober, 

and 

Elvehjem, 


749 

— . See Hove, Elvehjem, and Hart, 

425 

— . See Sober, 

Lipton, 

and 

Elvehjem, 


605 



Authors 


793 


Entenmaa, C., Changus, G. W., 
Gibbs, G. E., and Chalko£f, I. L. 
The response of lipid metabolism 
to alterations in nutritional state. 
I. The effects of fasting and 
chronic undernutrition upon the 
postabsorptive level of the blood 
lipids, 59 

— , Lorenz, F. W., and Chaikoff, 
I. L. The endocrine control of 
lipid metabolism in the bird. 
III. The effects of crystalline sex 
hormones on the blood lipids of 
the bird, 495 

Ewing, Mary E. See Blalhenrick, 
Bradshaw, Ewing, Larson, and 
Sawyer, 549 

F 

Fetcher, E. S., Jr. See Eichel- 
berger, Feleher, Ceiling, and Vos, 

171 

Field, Henry, Jr. See Melnick and 
Field, 1 

Franks, Kurt W. See Painter and 
Franks, 557 

G 

Gavin, Gertrude. See Longenecker, 
Gavin, and McHenry, 693 

— . See McHenry and Gavin, 683 
Geiling, E. M. K. See Eichclberger, 
Fetcher, Geiling, and Vos, 171 
Gibbs, G. E. See Entenman, Chan- 
gus, Gibbs, and Chaikoff, 59 
Gllck, David. Properties of tropine 
esterase, 617 

Golumbic, Calvin, and Mattill, H. A. 

The oxidation of vitamin E, 535 
Grafflin, Allan L. See Marble, 
Grafflin, and Smith, 253 

Gray, E. LeB., and Cawley, John D. 
The influence of structure on the 
elimination maximum. I. The 
structure of vitamin A., 397 

Greenberg, David M. See Austoni 
and Greenberg, 27 


Greenberg, David M. See Austoni, 
Itabinovitch, and Greenberg, 

17 

Greenblatt, I. J., and Pecker, A. 
The effect of ascorbic acid on 
iminazole rings and allied sub- 
stances in vivo, 341 

Grollman, Arthur, Williams, J. R., 
Jr., and Harrison, Tinsley R. 
The preparation of renal extracts 
capable of reducing the blood 
pressure of animals with experi- 
mental renal hjpertension, 115 

H 

Hahn, P. F. See Miller and Hahn, 

585 

Harrison, Tinsley R. See Grollman, 
IVilliams, and Harrison, 115 
Hart, E. B. See Hove, Elvehjem, 
and Hart, 425 

Hassid, W. Z., and Barker, H. A. 
The structure of de.xtran sjmthe- 
sized from sucrose by Betacoccus 
arabinosaceus, Orla-Jensen, 163 
Hauser, Charles R. See Peck and 
Hauser, 403 

Hellerman, Leslie. See Richards 
and Hellerman, 237 

Hendricks, Jeannette B. See Mor- 
gan, Shimotori, and Hendricks, 

761 

Hodge, Harold Carpenter. See 
Manly, Hodge, and Manly, 293 
— . See Volker, Hodge, Wilson, 
and Van Voorhis, 543 

Hofmann, Klaus, and Bergmann, 
Max. The specificity of carbox- 
ypeptidase, 22o 

Hoover, Sam R., and Allison, 
Franklin E. The growth metab- 
olism of Rhizobium, with evidence 
on the interrelations between 
respiration and synthesis, 181 
Hove, E., Elvehjem, C. A., and 
Hart, E. B. The effect of zinc 
on alkaline phosphatases, 425 



794 


Index 


Huffman, Max N., MacCorquodalc, 
D. Wm Thayer, Sidney A., Dolsy, 
Edward A., Smith, G. V., and 
Smith, O. W. The isolation of 
a-dihydrothcclin from human 
pregnancy urine, 691 

Hyde, Elizabeth. Glycine and his- 
tidine feeding and creatine, 
creatinine, and inorganic phos- 
phorus excretion in man, 05 

J 

Jacobs, Walter A. Sec Craig and 
Jacobs, 123 

Jervis, George A., Block, Richard J., 
Bolling, Diana, and Kanze, Edna. 
Chemical and metabolic studies 
on phenylalanine. II. The 
phenylalanine content of the 
blood and spinal fluid in phenyl- 
pyruvic oligophrenia, 105 

— . See Block, Jervis, Bolling, and 
Webb, 567 

Johnson, J. M. The racemization 
of glutamic acid, 459 

Jollifle, Norman, See Roscnblum 
and Jolliffe, 137 

Jukes, Thomas H. Prevention of 
perosis by choline, 789 

K 

Kanze, Edna. See Jervis, Block, 
Bolling, and Kanze, 105 

Kapp, Eleanor ,M. Microestimation 
of uronic acids, 143 

Karush, F. See Talbot, Wolfe, 
MacLachlan, Karush, and Butler, 

319 

Kemmerer, Kenneth S. See Muel- 
ler, Kemmerer, Cox, and Barnes, 

573 

Keston, Albert S. See Chargaff 
and Keston, 516 

— . See Ratner, Rittenberg, Keston, 
and Schoenheimer, 665 

Klein, J, R. The oxidation of 
f(— )-aspartic and f(-l-)-glutamic 


acids by Hemophilus parainflur 
cnzac. Note on the preparation 
of pyridine nucleotides from bak- 
ers’ yeast by the method of 
Warburg and Christian, 43 
Kuna, Martin. See Ovakimian, 
Christman, Kuna, and Lmne, 

151 

L 

Lackman, David B. Sec Sevag, 
Smolcns, and Lackman, 523 
Larson, Hardy W. See Blathcrwick, 
Bradshaw, Ewing, Larson, and 
Sawyer, 549 

Levene, P. A. See Ovakimian, 
Christman, Kuna, and Levene, 

151 

Lipmnnn, Fritz. A phosphorylated 
oxidation product of pyruvic acid, 

463 

Llpton, M. A. See Sober, Lipion, 
and Elvehjem, 605 

Longenecker, Herbert E., Gavin, 
Gertrude, and McHenry, E. W. 
Fatty acids synthesized by the 
action of thiamine, 693 

Lorenz, F. W. See Entennan, 
Lorenz, and Chaikoff, 495 

M 

MacCorquodalc, D. W. See Huff- 
man, MacCorquodale, Thayer, 
Daisy, Smith, and Smith, 591 
MacLachlan, E. A. See Talbot, 
Wolfe, MacLachlan, Karush, and 
Butler, 319 

Man, Evelyn B. See Riggs and 
Man, 193 

Mangun, George H. See Munt- 
wyler, Mellors, Mautz, and 
Mangun, 367, 389 

Manly, Marian LeFevre. See 
Manly, Hodge, and Manly, 293 
Manly, Richard S., Hodge, Harold 
Carpenter, and Manly, Marian 
LeFevre. The relation of the 



Authors 


795 


phosphorus turnover of the blood 
to the mineral metabolism of the 
calcified tissues as shown by 
radioactive phosphorus, 293 
Manning, P. D. V. See Almquiat, 
Mecchi, Stokalad, and Manning, 

465 

— . See Almquist, Slohslad, Mecchi, 
and Manning, 213 

Marble, Alexander, Graffln, Allan 
L,, and Smith, Rachel M. Gly- 
cogen, fat, and water content of 
guinea pig liver, 253 

Mattill, H. A. See Golumhic and 
Mallill, 535 

Mautz, Frederick R. See Munl- 
wyler, Mellors, and Maulz, 345 
— . See Muntwyler, Mellors, Mautz, 
and Mangun, 367, 389 

McHenry, E. W., and Gavin, Ger- 
trude. The effects of liver and 
pancreas extracts upon fat sj*n- 
thesis and metabolism, 683 
— . See Longeneckcr, Gavin, and 
McHenry, 693 

Mecchi, E. See Almquist, Mecchi, 
Stokstad, and Manning, 465 
— . See Almquist, Stof^stad, Mecchi, 
and Manning, 213 

Mellors, Robert C. See Muntwyler, 
Mellors, and Maulz, 345 

— . See Muntwyler, Mellors, Maulz, 
and Mangun, 367, 389 

Melnick, Daniel, and Field, Henry, 
Jr. Determination of nicotinic 
acid in biological materials by 
means of photoelectric colorim- 
etry, 1 

Meyer, Curtis E., and Smith, Arthur 
H. The influence of the type of 
carbohydrate ingested upon citric 
acid production, 739 

Meyerhof, Bettlna. See Ball and 
Meyerhof, 483 

Miller, Leon L;, and Hahn, P. F. 
The appearance of radioactive 
iron as hemoglobin in the red 


cell. The significance of “easily 
split” iron, 585 

Morgan, Agnes Fay, Shimotori, 
Nobuko, and Hendricks, Jean- 
nette B. Progress of hypervita- 
minoses D* and Dj and recovery 
in rats, as afi'ected by dietary- 
calcium and phosphorus and vita- 
min A, 761 

Mueller, Arthur J., Kemmerer, 
Kenneth S., Cox, Warren M., 
Jr., and Barnes, S. T. The effect 
of casein and a casein digest on 
growth and serum protein regen- 
eration, 573 

Muntwyler, Edward, Mellors, Robert 
C., and Mautz, Frederick R. 
Electrolyte and water equilibria 
in the dog. I. Equilibria in the 
blood in adrenal insufficiency, 

345 

— , — , — , and Mangun, George H. 
Electrolyte and water equilibria 
in the dog. II. Electroly-te and 
water exchange between skeletal 
muscle and blood in adrenal in- 
sufficiency, 367 

— , — , — , and — . III. Electrolyte 
and water exchange between 
tendon and blood, 389 

N 

Norris, Earl R., and Elam, DanlelW. 
Preparation and properties of 
crystalline salmon pepsin, 443 
North, H. B. See Pfiffner and 
North, 781 

O 

Olson, Kenneth B. Sec Chargaf, 
Olson, and Partington, 505 

Opsahl, Jeanette C. See Amow 
and Opsahl, 

Ovakimlan, G., Christman, Clarence 
C., Kuna, Martin, and Levene, 
P. A. The reaction of the esters 



796 


Index , 


of df-Ieucinc and of Z-Jcucinc on 
the Raney catalyst, 151 

Owen, Charles A. Sec Smith and 
Owc7i, 783 

P 

Painter, Edgar Page, and Franke, 
Kurt W. The decomposition of 
sclcniferous proteins in alkaline 
solutions, 557 

Partington, Philip F. Sec Cliargaff, 
Olson, and Partington, 505 

Peck, Robert L., and Hauser, 
Charles R, Chemical studies of 
certain pathogenic fungi. III. 
Further studies on tlic lipids of 
Blastomyces dermatiditis and 
Monilia albicans, 403 

Pecker, A. Sec Grcenblalt and 
Pecker, 341 

Pfiffner, J. J., and North, H. B. 
Dimethyl sulfonc; a constituent 
of the adrenal gland, 781 

Potter, V. R. Studies on the mecha- 
nism of hydrogen transport in 
animal tissues. I. Triosc phos- 
phate oxidation in the presence 
of malonate, 417 

R 

Rabinovltch, Alexander. See Aus- 
toni, Rabinovitch, and Greenberg, 

17 

Rane, Leo, and Subbarow, Yella- 
pragada. Choline, pantothenic 
acid, and nicotinic acid as essen- 
tial growth factors for pneu- 
mococcus, 455 

Ratner, S., Rittenberg, D,, Keston, 
Albert S., and Schoenhelmer, 
Rudolf. Studies in protein me- 
tabolism. XIV. The chemical 
interaction of dietary glycine 
and body proteins in rats, 665 
— , Schoenhelmer, Rudolf, and Rlt- 
■ tenberg, D. Studies in protein 
metabolism. XIII. The metab- 


olism and inversion of d(+)- 
Icucine studied with two isotopes, 

653 

Ray, Thomas W. The determina- 
tion of manganese in organic 
material containing large amounts 
of calcium and chlorides. The 
determination of manganese in 
the mouse and in milk, 677 
Richards, Marianna M., and Heller- 
man, Leslie. Activation of en- 
zymes. VI. Purified liver argin- 
asc: reversible innetivation and 
reactivation, 237 

Riggs, D. S., and Man, Evelyn B. 
A permanganate acid ashing mi- 
cromethod for iodine determina- 
tions. I. Values in blood of 
normal subjects, 193 

Rittenberg, D. Sec Rainer, Ritten- 
berg, Keston, and Schoenheimer, 

665 

— . See Ratner, Schoenheimer, and 
Rillcnbcrg, 653 

Rosenblum, Louis A., and Jolllffe, 
Norman. Application to urine 
of Bandier and Hald's method for 
determination of nicotinic acid, 

137 

S 

Sawyer, Susan D. See Blatherwich, 
Bradshaw, Ewing, Larson, and 
Satuyer, 549 

Schoenheimer, Rudolf. See Bloch 
and Schoenheimer, 785 

— . See Rainer, Rillcnbcrg, Keston, 
and Schoenheimer, 665 

— . See Ratner, Schoenheimer, and 
Rittenberg, 653 

Sevag, M. G., Smolens, J., and 
Lackman, David B. The nucleic 
acid content and distribution in 
Streptococcus pyogenes, 523 

Seymour, W. B. The preparation 
of cellophane membranes of 
graded permeability, 701 



Authors 


797 


Shlmotoii, Nobuko. See Morgan, 
Shimolori, and Hendricks, 761 
Shlnowara, G. Y., and Brown, J. B. 
Studies on the chemistry of the 
fatty acids. VI. The application 
of crystallization methods to the 
isolation of arachidonic acid, 
with a comparison of the prop- 
erties of this acid prepared by 
crystallization and by debromina- 
tion. Observations on the struc- 
ture of arachidonic acid, 331 
Sinclair, Robert Gordon. The ex- 
clusion of claidic acid from the 
phospholipids of the testes and 
its uptake by other organs of the 
rat, 89 

— . The rate of turnover of leci- 
thins and cephalins in the liver, 

83 

— . The rate of turnover of phos- 
pholipids in kidney and liver, 71 
Smith, Arthur H. See Meyer and 
Smith, 739 

Smith, G. V. See Huffman, Mac- 
Corquodale, Thayer, Daisy, Smith, 
and Smith, 591 

Smith, H. P., and Owen, Charles A. 
The absorption of water-soluble 
vitamin K without the aid of bile 
salts, 783 

Smith, O. W. See Huffman, Mac- 
Corguodale, Thayer, Daisy, Smith, 
and Smith, 591 

Smith, Rachel M. See Marble, 
Grafflin, and Smith, 253 

Smolens, J. See Sevag, Smolens, 
and Lackman, 523 

Sober, H. A., LIpton, M. A., and 
Elvehjem, C. A. The relation of 
thiamine to citric acid metab- 
olism, 605 

See Axelrod, Sober, and Elve- 
hjem, 749 

Somogyl, Michael. Blood diastase 
in health and diabetes, 315 
Interpretation of the sac- 


charogenic action of diastase 
on the basis of substrate com- 
petition, 301 

Stein, William H., and Bergmann, 
Max. Determination of proline 
in mixtures containing I- and 
df-proline. The proline content 
of gelatin, 627 

Stevenson, Elizabeth Simon, and 
White, Abraham. Influence of 
iodoacetic acid on sulfur metab- 
olism. Growth studies in the 
young rat, 709 

Stockholm, M. See Eiler, Stock- 
holm, and Althausen, 283 

Stokstad, E. L. R. See Almquist, 
Meechi, Stokstad, and Manning, 

465 

— . Sec Almquist, Stokstad, Meechi, 
and Manning, 213 

Subbarow, YeUapragada. See Rane 
and Subbarow, 455 

Sumner, James B., and Sumner, 
Robert J. The coupled oxidation 
of carotene and fat by carotene 
oxidase, 531 

Sumner, Robert J. See Sumner and 
Sumner, 531 


Talbot, N. B., Wolfe, J. K., Mac- 
Lachlan, E. A., Karush, F., and 
Butler, Allan M. The colori- 
metric assay of weakly phenolic 
ketones, “estrone,” in extracts 
of human urine, 319 

Thayer, Sidney A. See Huffman, 
MacCorquodale, Thayer, Daisy, 
Smith, and Smith, 591 


Uber, Fred M., and Verbrugge, 
Frank. Photochemistry and ab- 
sorption spectroscopy of the 
pyrimidine component of vitamin 

273 



798 


Index 


V 

Van Slyke, Donald D. Glenn Er- 
nest Cullen, preceding p. 4G7 
Van Voorhls, Stanley W, Sec 
Volkcr, Hodge, Wilson, and Van 
Voorhis, 643 

Verbrugge, Frank. Sec Uber and 
Verbrugge, 273 

du Vlgneaud, Vincent, Chandler, 
Joseph P., Cohn, Mildred, and 
Brown, George Bosworth. The 
transfer of the methyl group from 
methionine to choline and cre- 
atine, 787 

— . See Wood and du Vigneaud, 

413 

Volker, Joseph F,, Hodge, Harold 
Carpenter, Wilson, Helen J,, and 
Van Voorhls, Stanley N. The 
adsorption of fluorides by enamel, 
dentin, bone, and hydroxyapatite 
as shown by the radioactive 
isotope, 543 

Vos, B. J., Jr. See Eichclberger, 
Fetchcr, Geiling, and Vos, 171 


W 

Webb, Merrill. Sec Block, Jervis, 
Bolling, and Webb, 567 

White, Abraham. See Stevenson 
and While, 709 

Williams, J. R., Jr. See Grollman, 
Williams, and Harrison, 115 
Wilson, Helen J. See Volker, 
Hodge, Wilson, and Van Voorhis, 

543 

Wolfe, J. K. Sec Talbot, Wolfe, 
MacLachlan, Karush, and Butler, 

319 

Wood, John L., and du Vlgneaud, 
Vincent. On the synthesis of 
serine, 413 

Woolley, D. W. Pantothenic acid 
diphosphate, 461 

y 

Yannet, Herman, and Darrow, Dan- 
iel C. The effect of depletion of 
extracellular electrolytes on the 
chemical composition of skeletal 
muscle, liver, and cardiac muscle, 

721 



INDEX TO SUBJECTS 


A 

Acetic acid: lodo-, growth cfiect, 
Stevenson and White, 709 

t Sulfur luetabolism, influence, 
Stevenson and White, 709 

Adreiitl{s); Dimethyl sulfone, P/iff- 

ner and Korth, 781 

Insufficiency, blood electrolyte 
and water equilibria, Muntxey- 
ler, MeUors, and Mautz, 345 
— , muscle, skeletal, and blood, 
electrolyte and water exchange, 
Muntxeykr, MeUors, Mautz, and 
Mangun, 357 

Age: Blood calcium, effect, Ander- 
son and Elvehjem, 217 

— phosphorus, effect, Anderson 
and Elvehjem, 217 

Alkaloid(s): Veratrine, Craig and 

•J QcobSj j23 

Amidlae group: Creatine, origin, 
biological, Bloch and Schoen- 
heimer, 7gg 

Amino acld(s) : Basic, proteins, de- 
termination, electrolytic, Al~ 
banese, 4g7 

<i'> oxidase, tissue, riboflavin 
deficiency effect, Axelrod, So- 
ber, and Elvehjem, 749 

Tissue proteins, phenylpyruvic 
oligophrenia. Block, Jervis, 
Bolling, and Webb, 567 

Aminoethylphosphoric acid: Me- 
tabolism, radioactive phos- 
phorus isotope as indicator, 
Chargaff and Kesion, 515 
Amlno-2-methylaaplithol: 4-, sulf- 

hydryl groups, oxidation, ef- 
fect, Bemheim and B'emheim, 

457 


Anemia: Tissue iron, Austoni, 
Rabinovitch, and Greenberg, 

17 

Arachldonlc acid : Chemical consti- 
j tution, Shinowara and Brovm, 
i 331 

Isolation, Shinowara and Brovm, 

331 

Properties, crystallization and 
debromination preparation, 
comparison, Shinoxcara and 
Brovm, 331 

Arglnase : Liver, Richards and Hel- 
lerman, 237 

Ascorbic acid: Iminazole rings in 
vivo, effect, Greenblali and 
Peclver, 341 

Aspartic acid: !(“)-> oxidation, 
Hemophilus parainfiuensae, 
Klein, 43 

B 

Betacoccus arabinosaceus : Dextran 
synthesis from sucrose and 
chenucal constitution, Hassid 
and Barker, 163 

Blastomyces dermatiditis : Lipids, 
Peck and Hauser, 403 

Blood: Calcium, age effect, Ander- 
son and Elvehjem, 217 

Diastase, health and diabetes, 
Somogyi, 315 

Electrolyte and water exchange, 
Muntvjyler, MeUors, Mautz, 
and Mangun, 389 

— equilibrium, adrenal insuffi- 
ciency, MuntwyXer, MeUors, and 
Mautz, 345 

Iodine, Riggs and Man, 193 


799 



800 


Index 


Blood —conti n ucd: 

Iodine, detorminntion, micro-, 
pcrnintiRnimtc acid nshing 
method, liigg/! and Man, 

193 

Lipids, fnstinR and tindcrnutri- 
tion cfTcct, Enlcnman, Changus, 
Gibbs, and Chaihoff, 59 

— , 8CX hormones, crystalline, 
effect, Enlcnman, Jjorenz, and 
Chaihoff, 405 

Muscle, skeletal, and, electrolyte 
and water exchange, adrenal 
insufTicicncy, Muntwylcr, Mcl- 
lors, Mautz, and Mangun, 367 
Phenylalanine, phcnylpyruvic 
oligophrenia, Jervis, Block, 
Bolling, and Kanze, 105 

Pliosphorus, age cfTcct, Anderson 
and Elvehjem, 217 

— turnover, tissue, calci/icd, 
mineral metabolism relation, 
radioactive phosphorus as indi- 
cator, Manly, Hodge, and 
Manly, 293 

Water equilibrium, adrenal in- 
sufficiency, Muntwylcr, Mellors, 
and Maulz, 345 

Blood cell: Red, hemoglobin, iron, 
radioactive. Miller and Hahn, 

585 

Blood pressure: Reduction, renal 
hypertension, kidney extracts, 
effect, Grollman, Williams, and' 
Harrison, 115 

Blood serum: Protein, casein and 
casein digest effect, Mueller, 
Kemmerer, Cox, and Barnes, 

573 

Bone: Fluoride adsorption, radio- 
active isotope in study, Volker, 
Hodge, Wilson, and Van 
V oorhis, 543 

C 

Calcium: Blood, age effect, Ander- 
son and Elvehjem, 217 


Calcium— confmued.' 
Ilypcrvitaminoses Dj and Dj, 
ingestion effect, Morgan, Shimo- 
tori, and Hendricks, 761 
Carbohydrate ( b): Citric acid pro- 
duction, effect, Meyer and 
Smith, 739 

Complex, rice factor, Almguitl, 
Mecchi, Stokslad, and Manning, 

465 

Cnrborypcptidase : Specificity, Hof- 
mann and Bcrgmann, 225 
Cardiac: jScc Heart 
Carotene : Fat and, oxidation, caro- 
tene oxidase effect, Sumner and 
Sumner, 531 

Oxidase, carotene and fat oxida- 
tion, effect, Sumner and 
Sumner, 531 

Casein: Blood scrum regeneration, 
effect, Mueller, Kemmerer, Cox, 
and Barnes, 573 

Digest, blood serum protein re- 
generation, effect, Mueller, 

' Kemmerer, Cox, and Barnes, 

S15 

— , growth effect, Mueller, Kem- 
merer, Cox, and Barnes, 573 
Growth effect, Mueller, Kem- 
merer, Cox, and Barnes, 573 
Cellophane : Membranes, prepara- 
tion, Seymour, 701 

Cephalln(s) : Liver, turnover, Sin- 
clair, 83 

Cerebrospinal fluid : Phenylalanine, 
phenylpyruvic oligophrenia, 
Jervis, Block, Bolling, and 
Kame, 105 

Chemical constitution : Elimination 
maximum, influence, Gray and 
Cawley, 397 

Chick: Growth factor." See also 
Rice factor 

Choline : Methionine methyl group 
transfer to, du Vigneaud, 
Chandler, Cohn, and Brown, 

787 


Subjects 


801 


Choline'-continucd; 

Perosis, prevention, Jvkes, 789 
Pneumococcus growth factor, 
iJone and Subbarov, 455 

Citric acid: Metabolism, thiamine 
relation, Sober, Lipton, and 
Ekehjem, 605 

Production, carbohydrate effect, 
Meyer and Smith, 739 

Creatine: Amidinc group, origin, 
biological, Bloch and Schoen- 
heimer, 7 g 5 

Excretion, glycine and histidine 
ingestion effect, Hyde, 95 

Kidney, formation, Bortooh and 
puhnoff, 635 

Liver, formation, Borsook and 
Dubnof, 635 

Methionine methyl group trans- 
fer to, du Vigneaud, Chandler, 
Cohn, and Broicn, 787 

Creatinine: Excretion, glycine and 
histidine ingestion effect, Hyde, 

r ^ 

Cullen, Glenn Ernest: Obituary, 

Van Slyke, preceding p. 467 
Pranlde: Gonadotropic extracts, ef- 
fect, Bieehoff, 641 

Cysteine: Gonadotropic extracts, 
effect, Bischoff, 641 

D 

Decevinlc acid: Craig and Jacobs, 

123 

ehydrogenase : Succinic, marine 
organisms. Ball and Meyerhof, 

n . 

entin : Fluoride adsorption, radio- 
active isotope in study, VoUxr, 
Hodge, Wilson, and Van 
Voorhis, 513 

Dextran; Chemical constitution, 
synthesis from sucrose, Beta- 
coccus arabinosaceus, Hassid 
and Barker, 163 

Ulabetes: Blood diastase, Somogyi, 

315 


Diastase: Blood, health and dia- 
betes, Somogyi, 313 

Saccharogenic action, Somogyi, 

301 

Dlhydrotheelln: a-, urine, preg- 
nancy, isolation, Hufman,Mac- 
Corquodale, Thayer, Daisy, 
Smith, and Smith, 591 

Dimethyl sulfone: Adrenal gland, 
Pfijjner and North, 781 

Dolphin: Milk, Eichelberger, 

Fctcher, Ceiling, and Vos, 171 

E 

Elaidic acid: Organ uptake, 
Sinclair, 89 

Testis phospholipids, absence, 
Sinclair, S9 

Electrolyte (s): Blood, equilibrium, 
adrenal insufficiency, Muntwy- 
ler, Mellors, and Mauiz, 345 
Extracellular, liver, depletion ef- 
fect, Yannel and Darroic, 721 
— , muscle, skeletal and heart, 
depletion effect, Yannel and 
Darrow, 721 

Muscle, skeletal, and blood, ex- 
change, adrenal insufficiency, 
Muntwyler, Mellors, Mautz, and 
Mangun, 367 

Tendon and blood, exchange, 
Muntwyler, Mellors, Mautz, and 
Mangun, 389 

Tissue, equilibrium, Muntteyler, 
Mellors, and Mautz, 345 

Muntwyler, Mellors, Mautz, and 
Mangun, 367, 389 

Elimination maximum: Chemical 
constitution influence, Gray and 
Cawley, 397 

Enamel: Fluoride adsorption, radio- 
active isotope in study, Volker, 
Hodge, Wilson, and Tan 
Voorhis, 543 

Endocrine (s) : Lipid metabolism, 
effect, Entenman, Lorenz, and 
Chaikoff, 495 


802 


Index 


Enzyinc(s): Activation, Jtichards 
and IJdlcrman, 237 

See also Arginnse, Carboxypopti- 
dase, Diastase, Esterase, Oxi- 
dase, Pepsin, Phosphatase 
Erythrocyte: See Blood cell, red 
Esterase: Tropine, properties, 

Olick, 617 

Estrone: Urine, determination, 
colorimetric, Talbot, Wolfe, 
MacLachlan, Karush, and 
Butler, 319 

F 

Fasting: Blood lipids, cfTcct, Enten- 
man, Changus, Gibbs, and 
Chaikoff, 59 

Fat(s): Carotene and, oxidation, 
carotene oxidase effect, Sumner 
and Sumner, 531 

Liver, Marble, Grajjlin, and 
Smith, 253 

Metabolism, liver extract cfTcct, 
McHenry and Gavin, 683 

— , pancreas extract effect, Mc- 
Henry and Gavin, 683 

Synthesis, liver extract effect, 
McHenry and Gavin, 683 

— , pancreas extract effect, Mc- 
Henry and Gavin, 683 

Fatty acid (s) : Chemistry, Shinowara 
and Brown, 331 

Synthesis, thiamine effect, Long- 
enecker, Gavin, and McHenry, 

693 

Fluoride (s): Bone, adsorption, ra- 
dioactive isotope in study, 
Volker, Hodge, Wilson, and 
Van Voorhis, 543 

Dentin, adsorption, radioactive 
isotope in study, Volker, Hodge, 
Wilson, and Van Voorhis, 543 
Enamel, adsorption, radioactive 
isotope in study, Volker, Hodge, 
Wilson, and Van Voorhis, 543 


FluorldeCs)— continued: 
Hydroxyapatite, adsorption, ra- 
dioactive isotope in study, 
Volker, Hodge, Wilson, and 
Van Voorhis, 543 

Fungus; Pathogenic, chemistry. 
Peck and Hauser, 403 

See also Blastomyces dematidiiis, 
Monilia albicans 

G 

Gelatin: Prolinc, Stein and Berg- 
mann, 627 

Glucose: Absorption, intestine mu- 
cosa phosphates, effect, Eiler, 
Stockholm, and Althausen, 283 
Glutamic acid; 7(-t-)-, oxidation. 
Hemophilus parainfluenzae, 
Klein, 43 

Racemization, Johnson, 459 
— , heat effect, Amow and Opsahl, 

649 

Glycine: Creatine excretion, inges- 
tion effect, Hyde, 95 

Creatinine excretion, ingestion 
effect, Hyde, 95 

Dietary, proteins, body and, 
interaction, Rainer, Rittenherg, 
Keston, and Schoenheimer, 665 
Phosphorus, inorganic, excretion, 
ingestion effect, Hyde, 95 
Glycogen: Liver, Marble, Grafflin, 
and Smith, 253 

Gonadotropic extract(s) : Cyanide 
effect, Bischoff, 641 

Cysteine effect, Bischoff, 641 
Growth: Casein and casein digest 
effect, Mueller, Kemmerer, Cox, 
and Barnes, 573 

Factor. See also Rice factor 
lodoacetic acid effect, Stevenson 
and White, 709 

Gulonic acid: 2-Keto-f-, antiscorbu- 
tic properties. Ball, 177 



Subjects 


803 


H 

Heart; Sec also Muscle 
Hemoglobin: Blood cell, red, iron, 
radioactive, MUIct and Ifahn, 
5S5 

Hemophilus paralnfluenzae : 1(— )- 
Aspartie acid oxidation, Klein, 
43 

K'f)-Glutaraic acid oxidation, 
Klein, 43 

Histidine: Creatine excretion, in- 
gestion effect, Hyde, 95 

Creatinine excretion, ingestion 
effect, Hyde, 95 

Phosphorus, inorganic, excretion, 
ingestion effect, Hyde, 95 
Hydrogen; Tissue, transport mecha- 
nism, Poller, 417 

Hydroxyapatite: Fluoride adsorp- 
tion, radioactive isotope in 
study, Volher, Hodge, Wilson, 
and Van Voorhis, 543 

Jpertenslon : Renal, t)lood pressure 
reduction, kidney extracts, ef- 
fect, Grollman, Williams, and 
Harrison, II5 

Hypemtaminosls: Dj and D„ 
dietary calcium, phosphorus, 
and vitamin A effect, Morgan, 
Shimolori, and Hendricks, 761 

1 

Hninazole ring{s); Ascorbic acid 
effect, in vivo, Greenblall and 
Pecker, 34I 

testlne; Mucosa phosphates, glu- 
cose absorption, effect, Eiler, 
Stockholm, and Althausen, 283 
•fodlne : Blood, Riggs and Man, 193 
, determination, micro-, per- 
manganate acid ashing method, 
Riggs and Man, 193 

lodoacetic add: Growth effect, 
Stevenson and White, 709 

Sulfur metabolism, influence, 
Stevenson and White, 709 


Iron: Easily split, red blood cell 
hemoglobin. Miller and Hahn, 

585 

Metabolism, radioactive isotope 
in study, Ausloni and Greenberg, 

27 

-Porphyrin compounds, marine 
organisms. Ball and Meyerhof, 

483 

Radioactive, iron metabolism, 
use in study, Austoni and Green- 
berg, 27 

— , red blood cell hemoglobin, 
Miller and Hahn, 585 

Tissues, Ausloni, Rabinoviieh, 
and Greenberg, 17 

Isotope (s): d(-i-)-Leucine metab- 
olism and inversion, study by, 
Rainer, Schoenheimer, and Rit- 
lenberg, 653 

K 

Keto-f-gulonlc add: 2-, antiscor- 
butic properties. Ball, 177 
Ketone (s): Phenolic, urine, deter- 
mination, colorimetric, Talbot, 
Wolfe, MacLachlan, Karush, 
and Butler, 319 

EUdney: Creatine formation, Bor- 
sook and Dubnoff, 635 

Extracts, blood pressure reduc- 
tion, renal hypertension, effect, 
Grollman, Williams, and Har- 
rison, 115 

Phospholipid turnover, Sinclair, 

71 

L 

Ledthin(s): Liver, turnover, Sin- 
clair, S3 

Leudne: d(4-)-, inversion, isotopes 
in study, Ratner, Schoenheimer, 
and Rittenberg, 653 

— , metabolism, isotopes in study, 
Ratner, Schoenheimer, and Ril- 
tenberg, 653 
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Leucine — continued: 
dl-, esters, Raney catalyst, reac- 
tion, Ovakimian, Christman, 
Kuna, and Levmc, 151 

l~, esters, Raney catalyst, reac- 
tion, Ovakimian, Christman, 
Kuna, and Levene, 151 

Llpld(s); Blastomyces dennatiditis. 
Peck and Hauser, 403 

Blood, fasting and nndernutrition 
effect, Entenman, Changus, 
Gibhs, and Chaikoff, 59 

— , sex hormones, crystalline, 
effect, Entenman, Lorenz, and 
Chaikoff, 495 

Metabolism, endocrine effect, 
Entenman, Lorenz, and Chai- 
koff, 495 

— , nutrition state, relation, 
Entenman, Changus, Gibbs, and 
Chaikoff, 59 

Monilia albicans. Peck and 
Hauser, 403 

Liver: Arginase, Richards and 
Hcllcrman, 237 

Cephalins, turnover, Sinclair, 

83 

Creatine formation, Borsook and 
Dubnoff, 635 

Electrolytes, extracellular, de- 
pletion effect, Yannet and 
Harrow, 721 

Extract, fat synthesis and me- 
tabolism, effect, McHenry and 
Gavin, 683 

Fat, Marble, Grafflin, and Smith, 

253 

Glycogen, Marble, Grafflin, and 
Smith, 253 

Lecithins, turnover, Sinclair, 83 
Phospholipid turnover, Sinclair, 

71 

Water, Marble, Grafflin, and 
Smith, 253 


Malonate: Triose phosphate oxida- 
tion, effect. Potter, 417 


Manganese ; Body tissue, deterra 
tion, Ray, 

Milk, determination, Ray, 
Organic material, determinat 
Ray, 

Marine organism (s) : Iron-porph; 
compounds. Ball and Meyer 

Succinic dehydrogenase, Ball 
Meyerhof, 

Membrane (s) : Cellophane, prep 
tion, Seymour, 

Metaphosphorlc acid: -Proteir 
action, Briggs, 

Methionine: Methyl group tra- 
to choline and creatine, dv 
gneaud. Chandler, Cohn, 
Brown, 

Milk ; Dolphin, Eichelbe: 
Feicher, Geiling, and Vos, 
Manganese determination. Re 

Mineral: Tissue, calcified, met 
olism, blood phosphorus tr 
over, relation, radioact 
phosphorus as indicator, Moi 
Hodge, and Manly, 

Monilia albicans: Lipids, Peck 
Hauser, 

Muscle: Heart, electrolytes, ey 
cellular, depletion effect, ) 
net and Harrow, 

Skeletal, and blood, electrol 
and water exchange, adre 
insufficiency, Muntwyler, it 
lors, Mautz, and Mangun, 

— , electrolytes, extracellular, 
pletion effect, Yannet 
Harrow, 

N 

Naphthol: 4-Amino-2-methyl-, s 
hydryl groups, oxidation, eff 
Bemheim and Bemheim, 

Nicotinic acid : Biological mater 
determination, colorime 
Melnick and Field, 
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tbtinlc add — continued: 
i’neumococcus growth factor, 
^Rane and Subbarow, 455 

Brine, determination, Bandier 
-’and Hald method, Roscnblum 
■■'and Join jfc, 137 

'^.elc add: Streptococcus pyog- 
■enes, Sevag, Smolcns, and 
'^Lackman, 523 

"leotldefs): Pyridine, yeast, 
' '.(reparation, Klein, 43 

..'itlon: Lipid metabolism, rcla- 
' '.Ion, Entenman, Changus, 
■ 'iibbs, and Chaikoff, 59 

also Undemutrition 


-juary: Cullen, Glenn Ernest, 
i Van Slyke, preceding p. 467 
■^ase: d-Amino acid, tissue, 
0 riboflavin deficiency effect, 
, Axelrod, Sober, and Elvehjem, 

749 

Barotene, carotene and fat oxida- 
;ition, effect, Sumner and 
iSumner, 531 

D 

P 

..^reas : Extract, fat synthesis and 
^'iaetabolism, effect, McHenry 
' and Gavin, 683 

atothenic add: Pneumococcus 

■ growth factor, Rane and Sub- 

'■baroui, 455 

r< ^ ' 

itothenlc add diphosphate: 
' Woolley, 461 

?ln: Salmon, crystalline, prepa- 

■ ration and properties, Norris 

and Elam, 443 

■•tidase: Carboxy-, specificity, 
‘ 'Hofmann and Bergmann, 225 
j-nanganate : Acid ashing method, 
blood iodine determination, mi- 
’’-'cro-, Riggs and Man, 193 

'osls: Choline relation. Jukes, 

789 


Phenylalanine : Blood, phenylpyru- 
vic oligophrenia, Jervis, Block, 
Bolling, and Kanze, 105 

Chemistry, Jervis, Block, Bolling, 
and Kanze, 105 

Block, Jervis, Bolling, and 
Webb, 567 

Determination, Block, Jervis, 
Bolling, and TFebb, 567 

Metabolism, Jervis, Block, Boll- 
ing, and Kanze, 105 

Block, Jervis, Bolling, and 
If'ebb, 567 

Spinal fluid, phenylpjTuvic oligo- 
phrenia, Jervis, Block, Bolling, 
and Kanze, 105 

Phenylpyruvlc oligophrenia: Blood 
phenylalanine, J ervis. Block, 
Bolling, and Kanze, 105 

Cerebrospinal fluid phenylal- 
anine, Jervis, Block, Bolling, 
and Kanze, 105 

Tissue protein amino acids. Block, 
Jervis, Bolling, and Webb, 567 
Phosphatase(s): Alkaline, zinc ef- 
fect, Hove, Elvehjem, and Hart, 

425 

Phosphate (s): Intestine mucosa, 
glucose absorption, effect, 
Eiler, Stockholm, and Al- 
ihausen, 283' 

Phosphatide (s): Formation, Char- 
gaff, Olson, and Partington, 

505 

Phospholipid (s): Kidney, turnover, 
Sinclair, Tl 

Liver, turnover, Sinclair, 71 
Testis, elaidic acid absence, Sin- 
clair, 89 

Phosphoric add: Aminoethyl-, me- 
tabolism, radioactive phos- 
phorus isotope as indicator, 
Chargaff and Keslon, 515 
Phosphorus: Blood, age effect, An- 
derson and Elvehjem, 217 
— , turnover, tissue, calcified, 
mineral metabolism relation. 
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Phonpliorur. contiiturd; 

nuliniirtivr pIiofiplioriiH as indi- 
nator, Manlij, Jlotigc, and 
Matih;, 293 

Hyporvitamiiioscs 1); and Dj, 
iiiprstion oiTcnt, Morgan, Shimo- 
(ori, and Ifcndricka, 701 

liiorpuiic, rxorofion, glycine and 
Iiifitidinn ingestion cfTcct, Jlydc, 

95 

1{ ad ioac ti vc, am i n oo t IiylpJios 

jdiorie aeid metabolism, indi- 
cator, Chargaff and Keaton, 

515 

— , l)lood phosphorus turnover, 
tissue, calcified, mineral me 
fabolism relation, indicator for. 
Manly, Hodge, and Manly, 293 
Pneumococcus: Growth, choline ef- 
fect, lianc and Siibharow, 455 
— , nicotinic acid cfTcct, Raneand 
Suhharow, 455 

— , pantothenic acid cfTcct, Ranc 
and Subbarow, 455 

Porphyrin: Iron-, compounds, ma- 
rine organisms, Ball and 
Meyerhof, 483 

Pregnancy: Urine a-dih 3 'drotheelin 
isolation, Huffman, MacCarquo- 
dale, Thayer, Daisy, Smith, 
and Smith, 591 

Prollne: Gelatin, Stein and Berg- 
mann, 627 

d/-Proline-containing mixtures, 
determination, Stein and Berg- 
mann, 627 

Z-ProIine-containing mixtures, 
determination, Stein and Berg- 
mann, 627 

Proteins: Amino acids, basic, de- 
termination, electrolytic, Al~ 
banese, 467 

Blood serum, casein and casein 
digest effect, Mueller, Kern- 
merer, Cox, and Barnes, 573 
Body, dietary glycine and, inter- 
action, Rainer, Rittenberg, Kes- 
ton, and Schoenheimer, 665 


Protclns-^conh'nucd; 

Metabolism, Rainer, Sci 
heimer, and Rillenherg, 
Rainer, Rittenberg, Keston, 
Schoenheimer, 

Melaphosphoric acid, reac 
Briggs, 

Sclcniforous, alkaline solut 
decomposition, Painter 
Franke, 

Tissue, amino acids, phenyli 
vie oligophrenia. Block, Jt 
Bolling, and Webb, 
Pyridine : Nucleotides, yeast, p 
ration, Klein, 
Pyrimidine: Vitamin Bi, p 
chemistrj'- and spectrosi 
Uber and Verbrugge, 
Pyruvic acid: Oxidation pro 
phosphorylated, Lipmann 

R 

Raney catalyst: cff-Leucine and i 
cine esters, reaction, 
kimian, Christman, Kuna, 
Levene, 

Renal: See Kidney 
Rhlzoblum : Metabolism, H 
and Allison, 

Riboflavin : Tissue d-amino 
oxidase, effect, Axelrod, S 
and Elvehjem, 

Rice factor: Carbohydrate com] 
Almquist, Mecchi, Stokstad, 
Manning, 

Identification, Almquist, It 
stad, Mecchi, and Manning 

Almquist, Mecchi, Stokstad, 
Manning, 


Salmon: Pepsin, crystalline, pr 
ration and properties, iVi 
and Elam, • 

Scurvy: 2-Keto-I-gulonic acid, 
feet. Ball, 
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Selenium: Proteins containing, al- 
kaline solutions, decomposition. 
Painter and Franke, 557 

rine: Synthesis, Wood and du 
Vigneaud, 413 

■X hormone (s): Crystalline, blood 
lipids, effect, Enienman, 
Lorenz, and Chaikoff, 495 
rbltol: d-, metabolism, Blalher- 
vyick, Bradshaw, Ewing, Larson, 
and Sawyer, 549 

reptococcus pyogenes: Nucleic 
acid, Sevag, Smolens, and Lack- 
man, 523 

;clnic dehydrogenase : Marine 
organisms. Ball and Meyerhof, 

483 

icrose: Dextran synthesis and 
chemical constitution. Beta- 
coccus arabinosaceus, Hassid 
and Barker, 163 

dfhydiyl group (s) : Oxidation, 
4-amino-2-methylnaphthol ef- 
fect, Bemheim and Bemheim, 

457 

ilfone: Dimethyl, adrenals, 

Pjiffner and North, 781 

Jfur: Metabolism, iodoacetic acid 
influence, Stevenson and White, 


:ndon: Electrolyte and water ex- 
change, Muntwyler, Mellors, 
Mautz, and Mangun, 389 

jstls: Phospholipids, elaidic acid 
absence, Sinclair, 89 

leelln: a-Dihydro-, urine, preg- 
nancy, isolation, Huffman, 
MacCorquodale, Thayer, Daisy, 
Smith, and Smith, 591 

ilamlne: Citric acid metabolism, 
relation. Sober, Lipton, and 
Elvehjem, 605 

'atty acid synthesis, effect, Long- 
enecker, Gavin, and McHenry, 

693 


Tissue (s): Calcifled, mineral me- 
tabolism, blood phosphorus 
turnover, relation, radioactive 
phosphorus as indicator. Manly, 
Hodge, and Manly, 293 

Electrolyte equilibrium, Munt- 
wyler, Mellors, and Mautz, 345 
Muntwyler, Mellors, Mautz, and 
Mangun, 367, 389 

Trlose phosphate: Oxidation, malo- 
nate effect. Potter, 417 

Tropine: Esterase, properties, 

Glich, 617 

TJ 

Undemutrition : Blood lipids, effect, 
Entenman, Changus, Gibbs, and 
Chaikoff, 59 

Urine: Estrone determination, 

colorimetric, Talbot, Wolfe, 

MacLaehlan, Karush, and 

Butler, 319 

Ketones, phenolic, determination, 

■ colorimetric, Talbot, Wolfe, 

MacLaehlan, Karush, and 

Butler, 319 

Nicotinic acid determination, 
Bandier and Held method, 

Rosenblum and JolHffe, 137 
Pregnancy, dihydrotheelin isola- 
tion, Huffman, MacCorquodale, 
Thayer, Daisy, Smith, and 
Smith, 591 

Uronlc acid(s): Determination, 
micro-, Kapp, 143 

V 

Veratrine: Alkaloids, Craig and 
Jacobs, 123 

Vitamin (s); A, hjqiervitaminoses 
Di and Di, ingestion effect, 
Morgan, Shimotori, and Hend- 
ricks, 761 

Ai, chemical constitution. Gray 
and Cawley, 397 

Bi, pyrimidine, photochemistry 
and spectroscopy, Tiber and 
Verbrugge, 273 
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Vltaxtiin{s)—coniinucd^: 

Bj. See also Riboflavin 
E, oxidation, Golumhic and 
Mattill, 535 

K, water-soluble, absorption, 
Smith and Owen, 783 

See also Hypervitaminosis 

W 

Water: Blood, equilibrium, adrenal 
insufliciency, Muntwyler, Mcl- 
lors, and Mautz, 345 

Liver, Marble, Grafflin, and Smith, 

253 

Muscle, skeletal, and blood, ex- 
change, adrenal insufliciency, 
Mvntwyler, Mellors, Mautz, and 
Mangun, 367 


Water — continued: 

Tendon and blood, exchange, 
Muntwyler, Mellors, Mautz, and 
Mangun, 389 

Tissue, equilibrium, Muntwyler, 
Mellors, and Mautz, 345 

Muntwyler, Mellors, Mautz, and 
Mangun, 367, 389 

Y 

Yeast : Pyridine nucleotide prepara- 
tion, Klein, 43 

Z 

% 

Zinc: Phosphatases, alkaline, effeit, 
Hove, Elvchjem, and Hart, 425 




